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FORliWORD 


T1;L.‘^  report  sumtsLiri  /  e:;  th.;-  rcrtill;;  ot  it>  expo  r  i  iien  t  a]  and  analytical 
research  program  to  investigate  means  of  reducing  the  noise  of  heli¬ 
copters.  The  program  was  <:  jrducted  by  Bell  Helicopter  Company  under 
I'.  S.  Army  Transportat ion  Kesearch  Command  Contract  DA  44-177-70-720 
(Rel  ererir-.'  i. )  and  was  carried  out  ;ind_r  the  technical  cognizance  of 
Vr.  John  E.  Yoates,  I'SATRI-COM,  Fort  Hustis,  Virginia. 

The  ac'.uistical  measurements  and  the  reduction  of  test  data  reported 
herein  were  conducled  by  the  A.coustical  Instrumentation  Test  Lab¬ 
oratories  of  Ceneral  dynamics  Corporation,  Fort  Worth,  Texas.  Those 
data  arc  presented  in  General  Dynamics  Report  FZM-2471  (Dell  Report 
No,  2‘10-OoO-1‘.)2)  ,  copies  of  whicli  arc  available  on  request.  Per¬ 
sonnel  associated  with  this  program  were  Messrs.  C.  R.  Cox,  S.  M. 
Hamzeh,  ,1.  A,  DeTore,  J.  M.  Drees  and  R.  R.  Lynn  of  Bell  and  Messrs. 
C.  P.  Fisher,  p.  T.  Mahaffey,  H.  L.  Kelsey,  S.  M.  White  and  E.  E. 
Murphy  of  General  Dynamics, 
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LIS  T  C'l;  SYNUiOl^S 


a  Vi'liit  i  t  y  i'l  simiul,  (111,'  1  i-i-t/si-ccMid ,  so:i  li-vcl,  slundard 

toii'i  i  t  i  nns  ) 

b  Number  o!  bl.uli-s 

in.  Iil:ul('  loading;,  pounds/.'<i]Lia rt’  foi-t 

b  .  l-andum'  nt.al  1  ii'(|iien;  y  oY  rotational  noise,  radians/second 

c  Rotor  chord,  inclu’t; 

c,|  Fori:i  dray  coetticii-nt 

Cl  ,j. 

Rotor  thnist  coefficient,  C.j,  - - 2~4 

>/  1-  0  R 

d  Projection  of  I'lladc  pr-fiie  width  on  the  nfane 

perpendicular  to  the  direction  of  motion,  feet 

f  Frequency,  cycles  per  second 

GW  Gross  weight,  pounds 

Bessel  function  of  first  kind  with  index  mb 

fc  Propagation  loss  coefficient,  dccibels/1000  feet 
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Rotor  tip  Mach  number 

m  Order  of  harmonic 

p  Far  field  sound  pressure,  pounds/square  feet 

Q  Torque,  foot-pounds 

R  Rotor  raditis,  feet 

Rg  Bffective  rotor  radius,  feet 

Distance  from  an  arbitrary  point  to  noise  source,  feet 

5PL  Souiid  pressure  level,  decibels  referenced  to  0*0002 
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feet 

y  Distance  from  an  arbitrary  point  to  the  rotor  hub  per-  j 

P'^nd  lcuI ;>  r  to  the  axis  cl  rotation,  foot  j 

•  Angle  of  attack,  degrees 

7  nlevation  angle  of  helicopter  from  ground  observer,  degrees 

(r  Azimuth  angle  measured  in  counterclockwise  direction  with 

zero  degrees  at  helicopter  tail  boom,  degrees 

^  Tip  speed  ratio,  =  Vcos'.</;iR 

p  Density  of  air,  slugs/square  feet 

<r  Rotor  solidity 
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centimeter 
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a  loudness  of  one  sone  is  selected  to  correspond  to  a 

loudness  level  of  40  plions)  (Rei  , ceiiCe  9)  ^ 
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I .  SUMMARY 


Tills  r-.'porl.  pri'siMits  the  rfsiilt.s  of  an  experimental  and  analytical 
sturly  nf  t !k'  origin  and  possihlc  means  of  reducing  helicopter  noise. 
Acoustical  an<l  performance  data  are  presented  for  a  single  rotor  tur¬ 
bine  powered  lie]icopt<'r  vHU-lA)  witli  several  main  rotor  configurations. 
Also,  simultaneously  recorded  rotor  blade  pressure  and  acoustical  test 
data  arc  given. 


Noise  .'iiteria  are  reviewed  and  e .stablished  on  the  basis  of  over-all 
sound  pressure  and  loudness  level.  The  latter  pertains  to  the  auditory 
sensation  as  perceived  by  a n  observer  and  is  preferatile  as  a  measure 
of  the  relative'  importance  of  the  v'arious  noise  sources.  Based  on 
the  loudriei:>.-  level  C'-iterien,  the  most  pi-oniiiiciiL  noise  components  oi 
the  test  lielicopter  are  identifiecl.  For  the  far  field  case,  these  are, 
in  their  order  of  prominence;  (1)  main  rotor  blade  slap  (when  it 
occurs),  (2)  tail  rotor  rotational  noise,  (3)  main  rotor  vortex  and  (4) 
rotational  noise  and  (51  orive  system  and  power  plant  noi;?.  Blade 
slap  is  characterized  by  high  intensity  sound  pressures  of  all  fre¬ 
quencies  and  occurs  at  the  blade  passage  frequency.  This  noise  is 
sliown  to  be  dependent  upon  flight  condition  and  configuration.  It 
is  noted  that  single  rotor  lielicopters  arc  less  susceptible  to  blade 
slap  than  tandem  machines. 

Main  rotor  rotational  and  vortex  noise  components  are  defined  and  iden¬ 
tified  from  the  test  data.  Trends  of  both  rotational  and  vortex  noise 
are  established  as  a  function  of  the  various  aerodynamic  parameters  in¬ 
cluding  thrust,  tip  speed,  number  of  blades  and  blade  loading.  The  most 
significant  parameter  is  shown  to  be  tip  speed.  The  basic  trends  are 
noted  to  be  valid  for  tandem  helicopters  such  as  the  HC-IB,  Similar 
conclusions  are  obtained  for  the  tail  rotor,  based  primarilv  on  theoret¬ 
ical  considerations.  On  the  basis  of  these  studies,  design  and  opera¬ 
tional  techniques  resulting  in  minimum  far  field  noise  for  existing 
helicopters  are  given. 

Several  modifications  to  the  HU-IA  and  HU-IB  helicopters  are  presented 
and  discussed  in  relation  to  their  effects  on  noise,  performance  and 
cost.  It  is  shown  that  significant  noise  re  .',.*ion  is  possible  by 
modifying  the  main  and  tail  rotors  to  operate  at  lower  tip  speeds. 

The  best  over-all  tail  rotor  modification  selected,  which  includes  a 
new  four-bladed  rotor  with  standard  HU-1  blades  and  a  new  hub  and  gear 
box,  is  shown  to  have  a  loudness  of  about  half  that  of  the  HU-IA  tail 
rotor.  When  used  on  the  HU-IA  and  WJ-IB,  however,  only  a  20  per  cent 
reduction  in  total  loudness  of  the  helicopter  is  realized  due  to  the 
noise  generated  by  the  main  rotor.  Performance  changes  resulting  from 
the  modified  tail  rotor  are  negligible. 
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I’lK'  main  rati)!'  modi  I  ic'.<  I  ions  stiuHi-d  irwolvci!  irunoasi'S  in  ()lado  aroa 
i  v>  Lu  i.  .'iniiKHl.i  t- (.■  1  iu-  low  t  i  |i  spi'i-d  ra  I  i  on  ,  dot  h  Iwo-lil  ailed  and  Llu'ei-- 
''l-'iied  hi'di  solidity  rot'.'rs  an-  i  oi's  i  de  noil  arid  miivimuni  vise  i mado  of 
o'.isliiie,  Ill'-IA  and  ill'-l}!  lilaiU’s.  It  is  slicnin  that  tlio  modifications 
of  tho  main  nc'ton,  in  non  June  t  Lon  with  tiiat  of  tiro  tail  roton,  rosvilt 

in  a  toial  ioutlrioss  ii'diu  I  ion  tor  the  Id'-IA  ol  about  1'-'  per  nont.  For 

those  mod  i  1  i  n  a  t  i  ons  ,  liu'  pe  r  f  o  rrnaiiee  is  approximately  tlie  same  as  tliat 
of  tin-  Inisie  lielicopter.  Sir.te  the  tail  rotor  noise  is  liiain-r  than  that 

et  the  main  rotor,  modi 1 i ca t iens  to  only  the  main  rotor  will  result  in 

no  appreciable  eliaiiivo  to  the  loudness  of  the  noise  i;enarated  by  the  heli- 

I  o  p  1 1 '  r  . 

II  is  eonelnded  that  tor  the  !IU-1  Series  helicopter,  the  tail  rotor  is 
tin'  noise  source  wiiitli  sliould  bi'  first  attacked,  since  it  exists  during 
all  lliglit  conditions.  Itlade  slap,  ivhicli  is  most  significant  for  tandem 
hel  i  e  C'[.' I  e  rs ,  siiould  be  lurtlier  derined  and  means  of  its  mitigation 
invest igated. 
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iiuM-J  ill  l!u'  ri'snits  ol  t!;i.s  stU'i)',  i is  conducUii,!  Lliat 

1>  I"iK'  .ri.iMl  pronii  t  I'ar  nois-.-  .sources  .and  co.iiponents  for 

single  r.Jtor  hul i enpt e ru  of  the  ■general  size  o"  the  HL)-1  ara, 
in  their  order  of  proni nenee: 

a)  main  rnror  blade  slao  (when  it  occurs). 

li)  tail  rotor  rotational  noise. 

c)  main  rotor  vortex  noi.se. 

.1)  Blade  slap  of  a  .sin.iile  rotor  helicopter  is  dependent  on  flight 
conditions,  and  conseq-icntly  its  effects  may  be  mitigated  by 
operational  techniques,  for  the  tandem  iielicopter,  the  problem 
i .s  more  general  and  can  become  severe.  The  mechanism  i-f  the 
generation  of  this  noise  is  not  fully  understood;  however,  indi¬ 
cations  arc  that  theoretical  techniques  to  describe  this  source 
and  to  evaluate  the  effecl.s  of  various  parameters  are  possible. 

The  remaining  conclusions  are  applicable  to  the  general  case  when 
blade  .slao  does  not  occur, 

3)  The  prominent  noise  sources  will  vary  depending  principally  on 
the  size  of  the  Iielicopter;  e.g.,  for  small  helicopters  with 
high  rotor  .speed.s,  the  main  rotor  rotational  component  may  be 
e.xpected  to  predominate  over  tail  rotor  noise, 

d)  Based  on  the  experimental  and  analytical  data  of  the  subject  pro¬ 
gram,  the  most  significant  rotor  parameter  associated  with  heli¬ 
copter  noise  is  tip  speed.  Lower  tip  speed  operation  results  in 
a  reduction  of  all  noise  associated  with  the  helicopter.  The 
effects  of  tip  speed  predominate  over  the  effects  of  other  para¬ 
meters  when  they  are  considered  si.nuitaneously, 

5)  Significant  noise  reduction  of  the  HU-IA  helicopter  is  indicated 

to  be  possible  by  the  use  of  a  new  four-i  idcd  tail  rotor  operating 
at  lower  tip  speed.  Production  HU-1  blades  and  a  new  tail  rotor  . 
gear  box  and  hub  are  required.  Based  on  the  results  of  this  study, 
the  loudness  of  the  noise  associated  with  the  HU-IA  tail  rotor 
may  be  reduced  as  much  as  50  per  cent  by  this  modification.  Be¬ 
cause  of  the  state  of  the  art  of  noise  prediction,  however,  this 
estimate  is  not  certain  and  should  be  confirmed  by  an  experi¬ 
mental  program. 

6)  With  the  new  tail  rotor,  only  a  20  per  cent  reduction  in  the  total 
loudness  associated  with  the  helicopter  can  be  realized  due  to  the 
noise  generated  by  the  main  rotor.  The  reduction  in  main  rotor 
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nviisi'  is  it  on  the  extent  In  '.vh  i .  li  the  lip  speed  e.in  se 

rediueJ,  ReeUetiuiis  are  shc.ivn  ;'nr  several  IIP  -I  modi  flea  t  i  in.s ; 
the  most  s  i  gni  ft.-ant  involves  flii'  use  of  the  flU-lB  rotor  systerri 
ee  the  !!l'-l.'\  'u'licontec.  For  this  cas',  the  total  loulness  of 
the  helicopter  is  redueed  ahout  4')  per  cent  and  the  pe rf o raance 
is  increased  slightly.  The  major  etfecl  of  Lht.'  neiv  .naiil  rotor 
is  to  allo\;  operation  at  low  lip  speed. 

7)  An  c.stension  of  existing  theory  relating  to  prop-rotor  noise  and 
additional  baric  rt  -arch  regardia;;  subject  ive  response  to  com¬ 
bi  n.'itio,,s  of  complex  sound  nressiir;'  mut".’.;  are  needed  to  define 
fully  and  control  the  noise  associated  with  t'TOL  aircraft 
operation. 

It  is  recommended  that 

1)  An  experimental  verification  he  made  of  the  noise  reduction  pos¬ 
sibilities  indicated  herein  for  the  MU-1  tail  rotor  m.jdif  i  cat  ion , 
If  the  estimated  reductions  are  found  to  be  correct,  then  con¬ 
sideration  should  be  given  to  equipping  all  HU-1  helicopters 
with  that  tail  rotor. 

2)  Consideration  be  given  to  equipping  the  HU-IA  helicopter  with 
the  HU-IB  main  rotor  in  addition  to  the  tail  rotor  cesultinj? 
from  (1)  above.  For  the  basic  mission  investigated,  this  con¬ 
figuration  resulted  in  the  lowest  total  loudness, 

3)  An  over-all  noise  control  program  for  VTOL  aircraft  be  initiated 
to, 

a)  develop  an  adequate  theoretical  basis  for  rotor  noise  pre¬ 
diction,  and 

h)  verify  the  theoretical  approach  by  an  experimental  program 
to  define  blade  slap  and  to  evaluate  the  effects  on  noise  of 
such  rotor  blade  modifications  as  twist  distribution,  taper, 
special  outboard  shapes,  etc. 
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III.  INTROIH’CTION 


l!i- 1.  MU  Sr  ,'l  t  lu'  I'xpan-.l  i.  r  ;  use  ul  t!u'  'ic  1  ici'pl.L' r  loi"  Aiiiiy  tactical  missions, 
I -M'  opcrati.>'ii  in  noncornl'at  afeus,  and  tor  civilian  transportation,  it 
lias  I'cc.-nc  i  nc  rcas i  iiftly  important  to  develop  an  understandinji  and  means 
o!  m  i  t  ipa  t  i  np  tile  noisi’  associati.-d  with  VTOL  aircraft  opieration,  Recog- 
niainp  this,  llic  U,  S,  Army  Transportation  Research  Command  initiated 
til  is  picpram  to  investigate  means  of  reducing  the  noise  associated  with 
!ie '  i  (  cpve  IS  and  to  sliow  the  iffects  of  the  possible  noise  reduction 
nil  (1  i  i' i  1.  a  t  j  ors  on  the  over-all  performance  of  these  machines. 

The  study  was  intended  to  he  a  general  t  rc  atmcit  ef  the  lielicopter  noise 
problem.  It  was  to  he  based  on  the  available  literature,  in  addition 
i.i  Liie  Hi-ulLs  oi  a  limited  acoustical  measurement  program  of  several 
rotor  configurations  on  the  Id'-lA  lielicopter.  Supplementary  measure¬ 
ments  of  aerodynamic  blade  pressures  were  to  be  used  to  relate  rotor 
noise  wiMi  air  load  variation  ann  blade  moments.  With  these  measure¬ 
ments  the  comparative  effects  of  solidity,  thrust  ccefficit  tip 
Speed,  number  of  blades,  etc.,  were  to  be  obtained  directly. 

At  the  onset  of  the  work,  a  review  of  the  literature  confirmed  that 
there  are  only  a  few  reported  investigations  (e.g..  References  2,  3 
and  4)  wh.ich  deal  directly  with  the  helicopter  noise  problem.  Further, 
the  theoretical  definition  of  rotor  noise  is  not  well  developed. 

Existing  theory  as  used  and  summarized  in  Reference  5  relates  to  the 
symmetrical  flow  case  associated  with  a  propeller  rather  than  the 
asymmetrical  flow  of  a  rotor,  or  prop-rotor.  In  addition,  the  em¬ 
pirical  treatment  of  high  frequency  propeller  noise  of  Reference  6 
deals  only  with  low  Reynolds  number  flow. 

With  these  limitations  in  mind,  emphasis  during  the  subject  program 
was  placed  on  obtaining  acoustical  measurements  on  which  ultimately 
an  adequate  theory  (oiild  be  based  and  on  developing,  insofar  as  the 
scope  of  the  program  allowed,  an  understanding  of  the  noise  associated 
with  lielicopter  operation.  During  the  course  of  the  program,  estabdf: 
lished  techniques  were  selected  to  define  quantitatively  the  principal 
noise  associated  with  the  helicopter  and  to  evaluate  the  possibilities 
of  its  reduction. 

The  performance,  weight,  etc.,  associated  with  the  noise  reduction 
techniques  studied  are  presented  for  the  HU-1  helicopter.  Specific 
modifications  to  other  helicopters  are  not  considered  because  of  the 
lack  of  directly  comparable  data  on  those  machines.  For  the  main 
rotor,  these  modifications  are  based  principally  on  the  acoustical 
data  obtained  during  this  program.  Propeller  theory  is  used  for  the 
tail  rotor  to  establish  noise  reduction  trends  associated  w ith  various 
configurations  and  designs.  To  evaluate  the  noise  reduction  possi¬ 
bilities  associated  with  tail  rotor  modifications,  cite  calculated  data 
are  modified  empirically  based  on  thp  results  of  the  subject  program. 


TV.  nXPrjRIMi-NTAL  TKST  PROGRAM 


A.  (H^NTiRAI- 

Tho  objectives  of  tbo  test  portion  of  this  program  were  to  pro¬ 
vide  ini  oiraa V i  on  on  tlie  origin  of  lieT  icopter  noise  and  to  show  the 
eifects  on  noise  of  the  various  parameters  associated  with  rotor  de¬ 
sign,  The  subject  test  program  included  a  number  of  acoustical  measure- 
neiiLs  of  tile  Hh'-IA  helicopter  with  three  main  rotor  configurations 
daring  tiedown,  liover  and  fly-over  operation.  In  addition,  aerody¬ 
namic  pressure  measurements  on  the  standard  HU-IA  configuration  during 
fly-over  were  made  simultaneously  with  acoustical  Measurements,  A 
dcitailed  report  of  the  subject  test  program  and  the'  acoustical  data 
till-  givop  Ml  Referonee  7. 

B.  DKoCKIPTlON  OF  TEST  HEt.lCOPTER  AND  ROTOR  CONFIGURATIONS 

The  basic  test  vehicle  used  in  this  program  was  the  HU-1  A  heli¬ 
copter,  Several  models  of  the  HU-1  airframe  were  used  during  the 
tests  of  the  various  rotor  configurations.  A  photograph  of  the  HU-IA 
is  shown  by  Figure  1,  A  three-view  drawing  with  dimensional  data  is 
presented  in  Figure  2. 

Descriptions  of  the  rotor  configurations  tested  during  the  pro¬ 
gram  are  summarized  in  Table  1,  The  various  rotors  tested  are  de¬ 
fined  in  that  table  as  Configurations  1,  II  and  III.  Configuration  I 
is  the  standard  Hll-IA  rotor  system,  Configuration  II  is  the  standard 
HU-IB  rotor  system,  and  Configuration  III  is  an  experimental  three-bladed 
rotor  system.  The  production  HU-IA  tail  rotor  was  used  with  all  main 
rotor  configurations* 

C.  ACOUSTICAL  MEASUREMENTS 

1.  Test  Conditions 


The  test  schedule  and  helicopter  operating  conditions  are 
given  in  Table  2.  The  data  of  Table  2  include  the  test  and  con¬ 
figuration  numbers,  the  rotor  configurations  and  the  operating  con¬ 
ditions  (e.g.,  engine  speed,  gross  y/eight,  e  i.,y.  Tiedown  tests  of 
Configuration  I  were  made  at  a  constant  power  setting  with  and  with¬ 
out  the  tail  rotor,  as  noted.  Hover  and  fly-over  tests  of  all  con¬ 
figurations  are  indicated  in  the  table.  During  the  fly-over  tests 
of  Configurations  I  and  II,  flight  conditions  of  lew  power  letdowns 
and  decelerations  were  performed  and  recordings  of  blade  Slap  were 
obtained.  Changes  in  thrust  and  blade  loading  were  achieved  by 
varying  the  gross  weight  for  each  configuration.  The  range  of  test 
gross  weights  was  limited  due  to  weight  of  the  air  load  instru¬ 
mentation  (Configuration  I)  and  to  temporary  flight  limitations  on  the 
experimental  three-bladed  main  rotor  (Configuration  III), 
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I'lii'  cnvi  ronncntal  conditions  encountoi'c’d  duriji^  tile  tests  ate 
sMiiima rizcf!  in  Table  d.  The  wind  direct  ions  end  velocities,  temper¬ 
atures  and  humidities  tor  the  various  test  dates  are  presented.  The 
V  a  i  i  ,i  I  i  .'IIS  in  temperature  and  humiili'ty  during  thi'  tests  were  small 
lint!  only  the  wind  condition.s  of  tost  runs  .'.if  t!. tough  29  (fly-over 
tc.sts,  (I'lil’i  gu  ra  t  i  on  II)  are  considered  to  be  marginal. 

•  Microphone  Tocatioiis 

(', round  plane  measurements  were  made  at  radii  of  50,  100  and 
.'Oil  feet  and  at  TO  degrees  of  azimuth  during  tlie  tiedown  and  hover 
tests.  This  is  i 1  lust  rated  hy  Figure  o.  During  tiie  hover  tests,  the 
helicopter  remained  in  ground  effect  (IGFI)  at  approximately  5  feet 
‘  .  Mi .  '..as  i s.s t a i  1 ..  ;1  Jarir,.,  .scl.w.  1  rd  te  st.',  in. tide 

tile  helicopter  in  the  pilot  *.s  compartment. 

Fly-over  mea.surements  were  made  at  ground  locations  with  the 
helicopter  flight  path  at  approximately  SO  feet  altitude.  This  is 
illustrated  in  Figure  4.  The  microphone  locations  were  'n  a  line  per¬ 
pendicular  to  tlie  flight  path  at  distances  of  lOO  and  200  feet. 

The  microphones,  incorporating  wind  screens,  were  attached  to  alumi¬ 
num  stand,s  with  the  diaphragm  at  a  height  of  approximately  5  feet 
above  the  ground. 

Special  Runs  (SR)  1  through  6  consisted  of  varying  the  micro¬ 
phone  height  from  5  to  15  feet  above  the  ground  plane  at  distances 
of  .50  and  100  feet  in  front  of  the  helicopter  (Configuration  III) 
to  determine  the  effect  of  microphone  ground  height  at  various  dis¬ 
tances  from  the  machine.  These  data  are  illustrated  by  Figure  5. 

It  is  seen  that  the  over-all  sound  pressures  aie  greatest  near  the 
ground;  however,  the  effect  diminishes  as  distance  is  increased. 

The  fly-over  measurements  were  made  in  an  open  field  with  low 
grass  covering.  The  tiedown  tests  of  Configuration  I  and  the  hover 
tests  of  Configurations  1  and  II  ..'ere  performed  on  a  concrete  ramp. 
During  these  tests  the  microphones  were  necessarily  positioned  over 
concrete  and  short  grass.  The  hover  tests  of  Configuration  III  were 
performed  with  all  microphones  located  over  short  grass.  The  dif¬ 
ference  in  ground  covering  produced  a  slig  ' ariation  in  measure¬ 
ments, 

3.  Instrumentation 

The  acoustical  measurements  of  this  program  were  made  vjith 
Altec  Lansing  Equipment  including  213R150  and  21BR180  microphones 
mounted  on  Type  165A  bases.  Type  526A  power  supplies  and  Type  420B 
amplifiers.  The  output  of  the  amplifier  was  directed  into  one  channel 
of  an  Ampex  Type  PR-110  Tape  Recorder,  Figure  6  shows  a  portion  of 
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this  (-ci'i !  pnu-nt .  At  i-act.  iTiicrophcn'  locat'on  1lu'  over-all  tioisc  level 
K-as  iin'iii  1  oi-'.xl  and  any  erratic  mi c ropliorir  wa.s  replaced.  Six  microphones 
were  recorded  simultaneously  with,  a  .soveiUli  cliannel  used  for  identi¬ 
fy  eat  ion. 


Over-all  sound  pressure  levels  wc-re  measured  and  tape  rocordint;s 
ot  tlie  nricrophone  outputs  were  maile  at  each  posi  rion  for  all  operating 
conditions,  A  40il-c,pa.s,  tone  of  known  amplitude  and  a  random  noise 
signal  were  recorded  at  the  beginning  of  each  series  of  runs  for  the 
purpose  of  calibration. 

•1 ,  Data  Reduct  i on 

The  tape  recordings  t.nken  in  the  field  were  played  back  thrnuch 
the  data  reduction  system  shown  in  Fipurc  7.  The  tape  recordings  were 
re-recorded  in  the  laboratory  on  an  Ampex ' FL-100  Loop  Recorder,  Over¬ 
all  and  one-third  octave  band  levels  were  recorded  on  a  Bruel  and  Kjaer 
Model  .’304  Level  Recorder,  Narrow  band  analyses  were  made  with  a  6- 
c,p.s.  constant  bandwidth  filter,  the  output  being  record:'  Oil  a  Moseley 
Autograph  X-Y  Recorder  (frequency  versus  sound  pressure  level). 

The  data  reduction  schedule  for  the  tests  is  shown  in  Table  4. 
Over-all  levels  were  recorded  for  all  test  conditions.  One-third  octave 
analyses  of  one  hover  condition  were  performed  for  each  configuration, 
and  e-c.p.s,  bandwidth  analyses  of  the  recorded  data  were  made  for  a 
number  of  microphone  locations.  In  addition,  oscillograph  time  histories 
of  selected  data  were  performed  using  a  25-c.p,.s.  constant  bandwidth 
filter. 


The  readings  taken  from  the  tape  were  corrected  for  filter  in¬ 
sertion  loss  and  were  adjusted  for  recording  and  playback  attenuation 
settings  and  system  gain  factors.  Corrections  for  the  frequency  res¬ 
ponse  of  the  t  wo  types  of  microphones  used  during  the  measurements 
are  given  in  Figure  8.  These  corrections  are  to  be  applied  to  all 
6-c,p.s.  constant  bandwidth  data  presented  in  this  report  and  in  Refer¬ 
ence  7,  In  addition,  these  data  in  the  10-to  50«.c.p»s«  frequency 
range  were  found  to  be  shifted  slightly  from  the  correct  frequency. 

This  results  in  the  low  frequency  main  rotor  noise  components  being 
displaced  several  c.p.s.  from  tlieir  acruai  .t  'e.  At  approximately 
70  c.p.s.  an  erratic  system  resonance  was  found  to  occur.  This  was 
due  to  the  data  reduction  system  and  is  not  present  in  the  noise  spect¬ 
rum;  therefore,  this  peak  was  disregarded. 

Data  reduction  by  6-c.p.s.  constant  bandwidth  analyses  offers 
the  advantage  of  accurate  resolution  of  noise  composed  of  aiscrete  fre¬ 
quency  components.  However,  attention  must  be  given  to  the  dynamic 
range  of  the  acoustical  in.'strumentation  system  and  to  the  noise  re¬ 
jection  properties  of  the  filter  when  analyzing  noise  with  high 
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1  lit  i-n.- ;  1  V  ,  i.'iv  1  ri-iiLifiii  V  t  ompiiiu-ii  I  s  (IvnitMl  oi  lu- 1 ;  t  i.,p  t  o  r  noi.sti). 
t'.'r'  till'  maj.iril'v  of  tin-  sviliu’i't  losts.  tlu-  upper  and  lower  liiritr  of 
tile  rlynoinie  ran'te  ivi-re  arpro';!  mate!  v  lOti  and  i-.'i  di  e  i  lie  I  s  .  Tlir  mf  o  re , 
iii'iii-  Cv'inponents  witli  Ii-vl.'-  la  1  tii:  •  le-we:  liiiiit  are  not  i  dent  i  fled. 
In  addition,  t  iie  maxiir.nn  r.-iectLiin  of  the  e-e.p.s.  filter  to  noise 
eulside  the  hand;  ass  is  app  ro\ i  nia  ve  I  y  ’3  ilct  i  ie  ■  1  s  ,  therefore,  hif/ti 
Ireoiieiuy  eonii'ioni.'nt:-  with  li.veis  of  ..:5  ..r  more  decibels  below  that  of 
tlic  low  irctjuency  main  rotor  noise  are  not  resolved, 

“  •  4LL  MlbVSI'RliMhNTS 

hi  1  I '■  r  r.l  i  al  pi'essure.s  on  a  rotor  blaile  were  itieasureJ  simultant- 
euslv  with  acoiist ica.'  data  to  correlate  the  noise  ;ipnerated  by  a  heli- 
.  pt-..,-  -,.,,1  rl^t^'r  w  t  h  the  ae  redynanii  r  I  o  ids  on  the  blade.  Both  air 
load  data  and  internal  and  external  noise  measurements  were  recorded 
for  the  fly  over  test  conditions  of  Conf  ii’u  rat  ion  I  (test  runs  30 
through  42). 

The  measurement  of  main  rotor  aerodynamic  ioads  was  at vowpiisiied 
by  the  use  of  NACA-type  pressure  transducers  mounted  inside  the  blade. 
These  transducers  were  mounted  at  five  radial  distances,  40,  75,  S5, 
90-and  95  per  cent  radius,  and  seven  chord  locations  extending  from 

2  per  cent  to  "O  per  cent  chord.  Before  and  after  each  test,  each 
transducer  was  calibrated  with  a  reference  differential  pressure. 

The  air  load  data  measured  during  the  subject  program  for  two 
Operating  conditions  are  presented  in  the  ApPcT.dix,  portions  of 
these  data  are  used  in  later  sections  to  relate  main  rotor  generated 
noise  with  differential  ■i-.ressurc  fluctuations  over  the  blade. 

It  was  intended  to  correlate  blade  bending  moments,  pressures  and 
rotor  noise  simultaneously;  however,  the  test  helicopter  (from  another 
program)  was  not  in  the  proper  configuration  for  meisuting  blade  bend¬ 
ing  moments  at  the  time  the  subject  tests  were  conducted.  For  the  in¬ 
terested  reader,  similar  flight  conditions  with  blade  bending  moments 
and  differential  pressures  are  reported  in  Reference 
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M‘^C'  g.y:TON  (IF  lir.i.f>'.'irTI  R  N'tilaE  ANP  RH.SI  LT.S  Oi-  TEST  PRCX}RAM 


A,  2iiNI-^AL 

TIk’  ncii  jo  prodtii  oil  hy  the  unorat  i. on  of  ?  Iiolicoptor  is  an  iniaYOid- 
,i:-o  i  -  liSO-.nu  in.o  I'i  }M  o-i-;;  i  s  1  cri.  BocauK;'  of  tlie  iFiul  t  i  ]  il  i  i:  i  t  >’  of  (■.nm- 
pononts  '.>1  a  hoi  i  oopt  it  propulsion  .'■•ystom,  an  obsorvor  do  t  oi  rs  ;i  cori- 
[,lo\  Lonriiniition  of  sound  oncr^iios.  This  combination  results  in  the 
ni'iso  as.sociatocl  with  hoi  icopt  oi  s  which  unfortunately  cannot  lie  olinii- 
natoil  coniplotely.  It  is  holii-vod,  however,  that  future  helicopiters 
may  bo  doRipnod  tn  produce  accoplable  noise  levels  for  most  missions. 

In  initiitinp  a  noisi'  control  projiram,  an  understanding  of  the 
origin  of  the  noise  rolaled  ti-  the  various  sources  is  required.  Such 

.::d.  1  s u  lu !  1  iig  ir.ust  iiicludo  t  lic  identification  of  the  various  sources, 
the  description  of  the  generation  of  that  noise,  and  an  evaluation  by 
a  meaningful  criterion  of  the  sounds  which  an  observer  perceives  as 
the  prominent  noise  produced  !iy  the  vehicle.  The  following  paragraphs 
discuss  th'-se  items  for  ib.e  helicopter  and  are  aimed  at  presenting  a 
general  treatment  of  the  problem  based  on  the  results  of  the  subject 
test  program  am!  the  lin.!ings  oi  this  .'tody, 

B,  CRITERIA 

Noise  is  (iefined  as  an  undesirable  or  unwanted  sound.  Sound  is 
compocsed  of  pressure  wavtus  whose  magnitudes  and  frequencies  are  sensed 
by  the  human  ear.  The  undesirability  associated  with  the  sound  in¬ 
volves  the  subjective  response  of  the  observer  which  includes  not 
only  the  physical  stimulus  of  the  ear  as  a  function  of  intensity  and 
frequency  of  tlie  perceived  noise,  but  also  psychological  factors, 

Tiius,  the  observer  perceives  the  noise  in  terms  of  whether  or  not 
the  sound  is  loud,  annoying,  interferring  with  his  speech,  etc.  In 
effect,  the  observer  instinctively  establishes  a  criterion  by  which 
he  judges  the  acceptability  of  a  noise. 

The  criteria  used  during  the  subject  program  to  evaluate  the  pos¬ 
sible  reduction  of  helicopter  noise  are  based  on  over-all  and  component 
sound  pressure  levels  and  component  loudnct^  tevels.  A  brief  dis¬ 
cussion  of  each  is  given  below  in  addition  to  coiiunents  on  the  char¬ 
acter  of  helicopter  noise. 

1,  Over-all  Sound  Pressure  Level 

Over-all  sound  pressure  levels  consist  of  the  total  sound 
pressure  intensity  reaching  an  observer;  however,  this  measure  does 
not  include  the  effects  of  frequency.  These  levels  are  used  to  obtain 
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RE  LEVEL 


-  I  11-,  .  •■.i-i-.ill  rii.i;;ni  tuiii’  of  Li  i:iven  noisf;  however, 

:  ■  :i  .  V..  1 -i.; !  i  !i:'.  ii'.i.inl  i  la t. i  ve  1  V  or  comparing  roi  sc 

..  iv,-.  .•■.-.i  I  I  l!.i  r.u  r.  Over~aJ]  Hoi.inc;  pressure  levels 

!•  .  i.!'  '  II!,!  ii'i-  1  opari t h ims  of  the  sound  pressure 

1  1 '.•n>  la'  ■  d' iu'.-'/;-uu.i  re  e enl  ime t o r ,  Unlr.s.s  otherwise  noted, 

,1 1  i  ..r.i!  , !  1 1  ■■  1  d.i-.a  pivser.ted  in  tl'.is  report  arc  referenced  to  tliis 
aoiii!'  I  p  ;  -;a're  , 

( '.'oi  -  iieiil  .-h'un.l  I're.^'-ii  re  b  'J 

Add  1 1  i  nl'-' ,n;,i  i  L  on  i.s  oP'ai'  from  a  narrow  baiitiwidth 

■  i n.i  1  y i  .!  liiat  .eiiows  tile  !o'nnd  pre.'^.'^ui  ■  jev'ei  as  a  function  of  fre- 
luiiiry.  ['rom  this,  t’oe  sound  pressure  Ir-vel  emanating  from  the  ma- 
jo:  sources  may  >ie  identified.  T'U'  acconii'ans  ing  sketch  illustrates 
this.  Note  that  the  noise  of  the  main  and  tail  rotors  and  trans- 
iiitssi:!ns  may  i'K'  identii  ieri.  It  is  also  indicated  on  the  sketch  that 
tlie  over-all  sound  pressure  level  is  almost  exclusively  determined 
tiy  tlie  main  rotor  tiMO-,  four-  and  six-per-rev  noise  peaks. 


FREQUENCY,  C.  P.  S. 
NARROW  BANDViiOTH  ANALYSIS 
OF  HELICOPTER  NOISE 
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Al  liioiij^h  the  i  nves  t  i  stal  i  on  ol  the  frequency  spectrum  permits 
a  determination  nf  tiie  components  e  ont  r  i'oii  t  inp  to  tlie  noise,  it  is  in- 
ndcquato  to  dot  ini'  the  noise  as  perceived  by  an  observer.  Below  about 
2t'  c.i'.s.  and  above  about  .'.O.i'Oh  c.p.s,,  sound  is  inaudible.  Because 
tl'.e  luieliest  sound  pressures  associated  willi  helicopters  occur  at  lov/ 
frequencies  (11,  d.i,  etc,  c,p,s,),  a  criterion  tiased  only  on  sound 
precjsurc  levels  will  result  in  an  incorrect  evaluation  of  the  relative 
prominence  of  the  noi  a.-  produced  V>y  the  various  components.  To  al- 
leviiite  this,  a  criterion  based  on  component  loudness  level  is  used, 

-i .  Component  Loudness  Level 

The  loudness  of  a  noise  pertains  to  the  magnitude  of  the  audi¬ 
tory  sensation  experienced  by  the  observer,  A  measure  of  the  loudness 
ol  the  various  component  sources  may  be  obtained  from  loudness  levels 
determined  from  narrow  bandwidth  sound  pressure  levels  and  the  em¬ 
pirical  data  of  Reference  b.  In  that  reference,  loudness  levels  ex¬ 
pressed  in  phons  of  single  frequency  tones  covering  the  audible  range 
of  frequencies  are  defined  as  curves  of  equal  loudness  lev"l  on  s) 
sound  pressure-frequency  plot.  Loudness  level  contours  from  Ref¬ 
erence  s)  are  shown  by  Figure  9.  These  curves  shew  the  free  field 
Sound  pressure  level  of  tones  of  different  frequencies  judged  to  be 
equally  loud.  The  unit  of  loudness  level,  the  phon,  is  referenced 
to  0,0002  dynes/square  centimeter  similar  to  sound  pressure  level. 

It  should  be  noted  that  both  sound  pressure  level  and  loud¬ 
ness  level  are  logarithmic  functions  and  the  comparative  loudness 
levels  of  various  sources  are  not  additive.  To  add  and  compare  noise 
on  a  linear  scale,  another  unit  is  introduced  in  the  literature  and 
is  termed  the  "sone,"  Figure  10  is  a  nomogram  for  converting  loud¬ 
ness  levels  to  loudness,  in  sones.  Direct  comparison  of  loudness 
may  be  made  on  the  sone  rather  than  the  phon  scale  for  noise  of  widely 
separated  frequency  components, 

4,  Character 

In  evaluating  helicopter  rotor  noise,  an  important  consid¬ 
eration  not  included  in  the  above  criteria  is  i;he  character  of  the 
noise.  The  character  of  a  particular  no'se  >  < ’■«;e  influences  the  de¬ 
tectability  of  that  source;  thus,  a  pulsating  or  modulating  sound  will 
be  easier  to  detect  than  a  steady  noise  of  the  same  loudness  level. 
Such  is  the  case  for  main  rotor  noise  which  periodically  increases  and 
decreases  in  intensity  due  to  rotating  sources.  The  character  of  a 
noise  is  not  directly  considered  in  the  loydness  level  criterion; 
however,  an  attempt  to  approximate  this  effect  is  made  by  evaluating 
the  peak  levels  for  the  rotor  noise  components  instead  of  the  average 
or  root-mean-square  values. 


13 


c,  o'.’!:r--\li.  nc'I'SL 

I'!'.'  i-vc  I--;)  1  1  noi  Si.’  oi'  a  he  1  i‘.  r  varies  for  clifierent  Modes  of 

operation.  I.iunii!'.  hover,  tile  ov'er-all  sound  pressure  at  the  venter 
ol’  the  rotor  is  e  ,'-n.s  tn.i  i  ■•■'.rept  for  tin  effects  of  .sinall  control 
inotion.s  and  uoiviuva.s.ii  distil  rl'anees,  IXirinii  forward  llijtiif,  the  ground 
oliserver  detects  a  variation  in  the  over-all  noise'  due  to  the  asym- 
iiictricaL  air  loads  acting  on  the  rotor,  to  ctistanco  and  Doppler  effects. 

To  estaiilish  the  over-all  noi  so  characteristics  of  the  te.st  heli- 
,  o|d  e  r  under  c  on  t  ro  1  Ic'd  'oiui  i  t  i  ons  ,  over-all  sound  pressure  level 
measurements  were  taken  while'  tl’O  machine  was  operated  on  tiedown. 

Th.ese  tests  wi’ re  con<luetei.t  to  estalilish  tile  relative  intensities  of 
the  lielicoi'ter  noise  at  different  angular  and  radial  positions  with 
respect  to  the  macliirie. 

Hovering  acoustical  tests,  were  also  conducted  for  the  purpose  of 
conij'aring  all  rotor  conf  igiirat  i I'ns  while'  o()erating  in  a  normal  flight 
mode.  .Addi  t  ionaj.  ly ,  fly-over  tests  were  conducted  to  evaluate  motion 
and  changing  distance  effects  and  to  study  the  in-flight  ciiaracteristics 
of  heli ropier  noise. 

Tlie  following  paragraphs  present  the  results  of  the  tiedown,  liover 
and  fly-over  over-all  sound  pressure  level  measurements  of  the  subject 
program.  Also,  the  possibilities  of  the  reduction  of  the  over-all 
sound  pressure  of  the  test  helicopters  are  discussed, 

1,  Tiedown 


The  distribution  of  the  over-ail  noise  around  the  HII-IA  (Con¬ 
figuration  I)  is  shown  by  Figure  11.  Near  the  machine,  the  over-all 
sound  pressure  level  in  the  aft  left  hand  quadrant  is  the  highest. 
Farther  removed  from  the  machine,  the  over-all  sound  pressure  levels 
at  a  given  distance  are  essentially  constant. 

The  effect  of  disconnecting  the  tail  rotor  is  shown  by  a  similar 
plot  in  Figure^  12.  A  reduction  in  the  aft  left  hand  quadrant  sound 
pressure  levels  results,  and  it  is  seen  that  the  main  rotor  dominates 
the  over-all  far  field  noise.  These  data  <-hri\v  that  the  directivity 
pattern  of  the  tail  rotor  Influences  the  nei..i  iceld  over-all  noise  of 
the  helicopter. 

The  over-all  sound  pressure  levels  at  all  microphone  locations 
for  the  tiedown  and  hover  tests  are  shown  in  Table  5,  It  can  be  seen 
that  the  rotor  (engine)  speed  is  of  prime  importance  in  establishing 
the  over-all  sound  pressure  level.  Decreasing  the  engine  speed  from 
6700  to  5800  r.p.ra,,  results  in  a  maximum  sound  pressure  level  re¬ 
duction  of  9  decibels  from  93  decibels  (compare  tests  5  and  7), 
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Til:.'  ON-o  r-al  1  far  fit-id  .stiiintl  pressure  levels  of  the  rotoi'  con¬ 
i' L  iU- ra  l  i  I'ns  testt?d  are  slunvn  by  l-i{;urt-  13  as  a  fimetion  of  blade  loading 
and  tip-  spi'or'.  For  etiual  ihnist  ronditions,  test  points  taken  from 
T.i'ij  e  ,  ,1  re  siioun .  Tlirough  these  points,  curves  of  constant  tip  speed 

are  faired,  for  reference,  lines  of  constant  tlirust  coefficient/solidity 
(proportional  to  raeati  blade  lift  coefficient)  are  superimposed  on  the 
p .!  ot  . 

Tiu'tit-  data  shou  that  for  the  range  of  parameters  tested,  the 
ovei'-all  stiund  pressure  level  will  app>roach  a  minimuiii  at  blade  loadings 
near  i ''  pounds  per  si|uare  foot.  Above-  that  value,  tlie  noise  level 
will  increase  ivith  increased  blade  loading.  Doubling  the  blade  loading 
from  dO  to  ido  pounds  per  square  foot  will  increase  the  noise  level 
approxinratcly  the  same  as  will  a  10  per  cent  increase  in  tip  speed 
(3  decibel  increase  from  dO  decibels).  For  the  conditions  tested,  it 
can  be  seen  that  tip  spec-d  has  a  significant  effect  on  the  over-all 
noise.  The  effect  of  number  of  blades  cannot  be  determined  from  these 
data. 

The  data  indicate  that  it  is  improbable  tliat  the  over-all  ex¬ 
ternal  noise  level  of  the  Hii-IA  .t  200  feet  can  be  reduced  to  75  de¬ 
cibels  (Reference  1)  by  a  practical  change  in  rotor  parameters.  This 
is  due  mainly  to  the  contribution  of  the  high  intensity,  low  frequency 
rotor  noise. 

It  should  be  noted  that  these  data  were  obtained  for  conditions 
during  wliich  no  significant  stall  or  compressibility  phenomena  were  en¬ 
countered,  It  is  believed  that  the  general  form  of  the  data  will  remain 
valid  for  different  operating  conditions;  however,  the  magnitude  of  the 
sound  pressure  level  would  be  expected  to  increase  with  increased  thrust, 
stall  or  compressibility. 

3,  Fly-Over 

Sample  time  liistories  of  the  flp-over  noise  produced  by  the 
various  rotor  conf igurations  are  shown  by  Figure  14.  These  traces  show 
two  major  frequency  components  which  corres,-vi- '  to  the  blade  passage 
f  requuii'.  ies  ( two-per-rev)  of  the  main  and  tail  rotor.  It  may  also  be 
noted  that  a&  the  helicopter  flies  over,  a  rapid  decrease  in  the  over¬ 
all  sound  pressure  level  results,  and  the  lower  frequency  main  rotor 
component  becomes  masked  by  the  tail  rotor  noise.  The  increase  in  the 
tail  rotor  noise  as  the  helicopter  flies  by  is  characteristic  of  single 
rotor  helicopters  and  is  a  result  of  the  varying  sound  pressure  asso¬ 
ciated  with  the  moving  directivity  pattern  of  both  the  main  and  tail 
rotor  noise  components,  plus  Doppler  effects. 
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Tubli^  ('  l  ists  the  conditions  and  result.s  of  the  fly-over  tests. 
T!ic  c’I'fcsts  01  distance  on  the  flv-over  noise  of  the  three  test  con- 
f i;iu ra 1 1 Oils  are  shovMi,  and  it  can  he  sec’ii  that  the  thrce-bladed  main 
rot  or  conf  if;ii  ru  t  ion  produced  the  lowest  over-all  scund  pressure  level 
(I'-'d  diL-cibels  ar  fly-overl.  Tliis  is  in  ai'reement  witli  the  findings 
ef  th.c  he”,  r  tests.  For  higher  forward  speed.s  of  dO  to  lO.*!  knots 
and  an  increa.se  in  tip  .speed  of  753  f.p.s,,  the  levels  shown  in  Taole 
0  increase  two  to  three  decibels. 

It  i.s  apparent  that  only  limited  information  regarding  the  ef¬ 
fects  of  the  various  possible  aerodynamic  parameters  and  other  noise 
reduction  tc'chniques  can  lie  obtained  by  using  over-all  sound  pressure 
levels  as  a  criterion.  As  stated  previously,  the  over-all  sound 
[iressure  level  is  detc’tmined  almost  .solely  by  the  low  frequency  noise 
components  of  the  main  rotor  and,  therefore,  reveals  nothing  of  the 
contributions  of  higher  frequency  noise  sources.  To  assure  a  more 
meaningful  criterion,  component  loudness  levels  as  discussed  earlier 
are  used  during  the  remainder  of  this  study. 


D .  OR  I GIN  AND  CONTROL  OF  HELICOPTER  NOISE 

The  aggregate  of  all  component  noise  emanating  from  a  helicopter 
gives  that  riachine  its  characteristic  acoustical  signature.  That 
signature  is  not  only  a  function  of  the  specific  noise  sources  of 
the  vehicle  but  also  depends  upon  factors  such  as  distance,  terrain, 
ground  cover,  etc,,  as  well  as  the  response  of  the  observer. 


In  this  section,  the  noise  sources  associated  with  helicopter 
operation  are  identified  and  explained  insofar  as  possible,  and  the 
various  factors  which  influence  the  acoustical  signature  of  the  machine 
are  given.  The  noise  sources  are  presented  and  discussed  in  relation 
to  that  part  of  the  vehicle's  propulsion  system  from  which  they  ema¬ 
nate  (rotors,  drive  system,  power  plant,  etc.).  The  effects  of  the 
various  parameters  associated  with  each  source  are  discussed  and 
trends  of  possible  noise  reduction  are  established.  This  section 
is  generally  applicable  to  both  tandem  and  single  rotor  helicopters. 


Rotor  noise  is  produced  by  both  aerodynamic  forces  and  struc¬ 
tural  vibrations.  Except  in  unusual  cases  (such  as  stall  flutter), 
the  noise  of  aerodynamic  origin  is  by  far  th.-  most  important.  Conse¬ 
quently,  this  section  will  only  be  concerned  with  rotor  aerodynamic 
noise. 


In  the  literature,  propeller  (rotor)  noise  is  divided  into 
two  components,  rotational  and  vortex  noise.  Rotational  noise  is 
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ct!ni|io.''-i,';l  of  (.lisc  ro  tc  f  rt  (1Lu;ik‘ i.o.s  wiiicl'.  art-  multii'ics  of  the  blade  passage 
I  i.'ei.'iu(';;ey  and  is  associated  ivilh  the  tetal  tiiriist  anti  torque  of  the 
bl:jrl..s.  As  represented  by  the  sketcli  belov.',  an  observer  off  the  axis  of 
rotation  senses  a  variatiiiii  in  pressurt?  clue  to  the  rotation  of  the  blades 
and  their  surfaci.  pressure  distribution  (AP),  Ti'.i;.;  variation  j.s  associ¬ 

ated  willi  the  blade  passage  or  fundamen i al  fretjuency  and  its  harmonics. 

If  the  blade  passage  frequency  is  sufficiently  loiv,  several  of  the  low 
harmonit  [ircssurc  pulses  are  not  audible. 


PRESSURE 
AS  SENSED 
BY  AN 
OBSERVER 


ROTATIONAL  COMPONENT  OF  PROP'ROTOR  NOISE 


Rotor  or  prop  vortex  noise  results  from  the  stresses  acting  on 
the  medium,  i.e,,  the  boundary  layer  shear  and  the  stresses  arising  from 
the  wake  vortices,  and  extends  over  a  large  range  of  frequencies  defined 
by  the  local  air  flow  and  the  frontal  area  of  the  blade.  A  simplified 
representation  of  this  component  is  shown  by  the  following  sketch.  The 
distinguishing  characteristic  of  vortex  noise  is  the  amplitude  modu¬ 
lation  of  sound  pressure  at  the  blade  passage  frequency. 
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MULTUBL.ADtC)  hOTOR 


OBSERVER 


PRESSURE 
AS  SENSED 
BY  AN 
OnSt- RVER 


j 

I  Tile  a(.tua.l  Uoat. riplioii  uf  ptup-iuLoi.  iiuiai.'  is  fui:  nioi'e  com¬ 

plicated  than  represented  here.  This  is  due  to  Doppler  effects, 
directivity  patterns,  attenuation  factors,  etc, 

A  noise  produced  by  a  rotor  which  is  not  treated  in  the  lit¬ 
erature  is  the  sometimes  severe  blade  slap.  Depending  on  the  inten¬ 
sity  of  the  noise,  it  is  described  as  a  "popping"  or  "cracking"  sound. 
The  severity  of  this  noise  depends  on  the  rotor  parameters  and  con¬ 
figuration;  however,  even  for  the  same  helicopter,  it  will  vary  in 
intensity  depending  on  flight  conditions,  n<'<;pite  its  elusiveness, 
when  severe  blade  slap  or  crack  occurs,  it  is  ttie  predominant  noise 
associated  with  helicopter  operation,  A  discussion  of  the  above 
mechanisms  and  their  significance  for  the  main  and  tail  rotors  of 
helicopters  is  given  below, 

a.  Theoretical  Development  -  To  date,  the  theoretical  con¬ 
siderations  relating  to  rotor  noise  are  limited  to  idealized  uni¬ 
form  force  distributions  over  the  disc  and  to  diameters  associated 
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ivilli  |i  i.(.  pi'l.K  r  cUsi.nn,  Tluo  i  ollmviiif;  discussions  are  presented  to 
i.lJusti'ato  the  prt'scnt  stale  of  tlic  ari  t'f  rotor  noise  pt's'llction, 

(1)  Rniatioiial  Noise  -  A  rotatinj^  blade  I'ith  its  as¬ 
sociated  lilt  and  dvap'  force  di  s  I  ritnit  t  on  exerts  equal  and  opposite 
reactum  iorees  on  tin-  air.  These  forces  cause  elastic  depressions 
oi  the  oir  whirli  are  t ransini t teci  as  p,rossure  waves  at  frequencies 
determined  by  the  air  load  or  force  variation.  At  a  fixed  point  in 
spare,  tlie  tundamental  frequency  of  these  pressure  waves  corresponds 
to  t>'.e  blade  passaf;e  frequi-ncy. 

The  ilevelopieent  of  tile  theory  of  propeller  rotational 
nois<’  is  piven  by  References  5,  Id  and  11.  From  Reference  5,  the  far 
li-Cid  sound  pressure,  p,  for  a  propeller  at  zero  forward  speed  is 
given  by  the  expression: 


_  mb  o.  1 

«e 

y  R^\^ 

1  P  2  T7-  as  R 

0  ‘'e 

Sg  Q  A  Rg 

-^mby  aSg  )•  • 

where  m  is  tlie  order  of  harmonic,  b  is  the  number  of  blades,  S\  is 
the  rotor  speed,  a  is  the  velocity  of  sound,  is  the  distance  from 
the  noise  source  to  the  observer,  T  is  the  thrust,  x  is  the  distance 
from  the  observer  to  the  noise  source  along  the  axis  of  rotation,  Rg 
is  the  effective  radius,  Q  is  the  torque,  Jmb  ’s  the  Bessel  function 
of  first  kind  with  index  rab,  and  y  is  the  distance  from  the  observer 
to  the  axis  of  rotation. 

By  careful  examination  of  Equation  (1)  it  can  be  seen 
that  the  rotational  noise  is  primarily  a  function  of  the  total  thrust 
produced  by  the  propeller.  As  the  number  of  blades  is  increased,  the 
Bessel  function  tends  to  decrease  and  results  in  a  lower  noise  in¬ 
tensity. 


It  can  be  noted  that  the  tnrqi  t  '..erra  Q  .  is  in- 

dependent  of  the  position  of  the  observer,  whereas  the  thrust  term 

-r^  is  dependent  on  the  observer's  location  relative  to  the  pro- 
®o 

peller  plane  of  rotation. 


The  thrust  term  is  positive  for  distances  in  front 
(i.e,,  in  the  direction  of  thrust)  and  negative  for  distances  aft 
of  the  plane  of  rotation.  Thus,  a  varying  sound  pressure  will  be 
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obstirved  at  various  distances  alonj;  the  axis  of  rotation  and  a  ro¬ 
tational  noise  directivity  pattern  is  defined. 


Tlie  sketch  below  illustrates  tlie  directivity  pattern 
01  rotalional  noise  for  a  two-bladod  propeller  in  the  axial  flow  con¬ 
dition.  Lines  of  constant  sound  pressure  are  shown  in  relation  to  the 

plane  of  rotation.  The 
maximum  noise  is  seen  to 
iHFiuST  be  in  the  direction  of 

the  inflow.  This  pat¬ 
tern  rotates  with  the 
blades. 

The  principal  limitations 
of  the  propeller  theory 
involve  the  assumption 
of  a  rectangular  chord- 
wise  pressure  distri¬ 
bution  and  the  reso¬ 
lution  of  the  spanwise 
distribution  of  thrust 
into  a  constant  value 
acting  at  one  radial 
station.  To  eliminate 
these  restrictive  assump¬ 
tions  for  the  helicopter  rotor  case,  extension  of  the  theory  is  required 
to  include  the  effects  of  variation  in  the  air  loads  as  a  function  of 
blade  azimuth  position,  radial  location,  forward  speed,  Mach  number, 
stall,  etc.  The  work  of  References  5,  8  and  12  should  prove  helpful 
in  forming  the  basis  for  this  extension. 


DIRECTIVITY  PATTERN  OF  PROP-ROTOR 
ROTATIONAL  NOISE 


(2)  Vortex  Noise  -  Another  type  of  sound  radiated  from  a 
propeller  is  termed  vortex  noise,  defined  as  that  due  to  the  shedding 
of  vorticity.  This  noise  is  caused  by  the  stresses  (Reynolds,  hydro¬ 
static,  viscous,  etc.)  acting  on  the  medium  and  its  treatment  in  the 
literature  has  been  primarily  empirical.  Reference  6  gives  a  pro¬ 
portionality  relationship  for  the  vortex  acoustic  power,  >(2*  radiated  by 
a  rotating , cylj ndrical  rod  as: 


K)'^  V,”  Rd. 


(2) 


where  Cj  is  the  form  drag  coefficient  at  the  mean  radius,  K  is  Strouhal's 
number,  Is  the  tip  speed,  R  Is  the  blade  radius,  and  d  is  the  frontal 
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proliiiv  ividtli,  VVith  anil  K  i  nilopi-niiont  i)f  velocity,  the  acoustic 
pov;er  is  proportional  to  Vj-*’;  since  the  sound  pressure,  p,  is  pro¬ 
portional  to  then  p  rC-Vj.-’.  Thus,  at  low  tip  Mach  nuribe  rs 

and  low  Reynnltls  numhers,  the  blade  tip  speed  is  the  most  influ¬ 
ential  parameter  af'fectiiif;  vortex  noisi-.  It  is  to  be  emphasised 
that  Equation  (.:)  i.s  at  best  an  approximate  relationship. 

The  predominant  frequency  of  vortex  noise  has  been 
defined  empirically  as  f  =  K  —  where  V  is  the  elemental  flow  velo¬ 
city.  Con.sequently ,  a  range  of  frequencies  proportion  il  to  the  flow 
velocities  over  the  blade  surfaces  will  he  generated  by  all  of  the 
elements  of  the  blade. 

At  low  blade  tip  speeds,  the  vortex  noise  component 
of  eaclt  blade  element  has  a  directivity  pattern  as  indicated  in  the 
sketcli  below.  At  each  blade  element,  sound  eminates  as  ccnccritrlc 


DIRECTIVITY  PATTERN  OF  PROP-ROTOR  VORTEX  NOISE 


spheres  as  a  function  of  the  local  stresses  on  the  medium.  Por  a 
small  diameter  propeller,  these  spheres  can  be  considered  concentrated 
at  the  three-quarter  radial  position,  Por  large  diameter  rotors, 
however,  no  simple  representation  has  been  formulated  due  to  inter** 
ference  effects,  intensity  variation,  etc. 
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EFFECT  OF  MACH  NUMBER  ON  VORTEX 
NOISE  DIRECTIVITY  PATTERN 


At  tip  spec’cls,  Mach  nuinhcr 

ci'fcct.s  appaiciitly  cause  a  dis¬ 
tortion  of  t!io  vortex  noise  di¬ 
rectivity  pattern  so  as  to  elon¬ 
gate  the  spheres  and  nove  their 
upper  end  toward  the  direction 
of  rotation.  (See  adjacent 
sketch).  This  effect  is  treated 
extensively  in  Reference  13. 
Since  the  vortex  noise  and  its 
directivity  pattern  rotate  with 
the  hlade,  an  observer  off  the 
axis  of  rotation  senses  a  vary¬ 
ing  sound  pressure.  Thus,  the 
observer  perceives  a  modulation 
of  the  vortex  noise  at  the  blade 
passage  frequency. 


The  situation  in  the  case  of  a 
helicopter  rotor  is  much  more 
complicated  than  for  a  propeller. 

Boundary  layer  and  induced  vortices  are  continuously  being  shed  from 
the  blades  due  to  factors  such  as  tlie  angle  of  attack  variation  and 
blade  motions.  To  predict  vortex  noise  with  any  degree  of  accuracy, 
detailed  information  on  the  high  frequency  aerodynamic  loads  on  the 
blade  and  fluctuating  stresses  in  the  boundary  layer  are  required. 
Theoretical  refinements  of  rotor  aerodynamics  such  as  those  offered 
by  References  14  and  15  may  be  of  considerable  importance  in  this 
respect . 


b .  Main  Rotor 


(1)  Rotational  and  Vortex  Noise 


(a)  Identification  of  Main  Rotor  Noise  -  Figure  13 
shows  the  far  field  noise  spectrum  of  the  HU-IA  test  helicopter  as  de¬ 
fined  by  constant  bandwidth  analysis.  It  can  be  seen  that  on  the  basis 
of  component  sound  pressure  level  the  main  rotor  rotational  noise  is 
predominant.  At  the  higher  frequencies,  t-'e  principal  noise  compo¬ 
nents  are  the  tail  rotor  rotational  and  the  main  rotor  vortex  noise. 
Other  identifiable  sources  are  those  associated  with  the  tail  rotor 
gear  boxes. 


Rotational  noise  compoiients  are  identified  by 
their  characteristic  frequencies  (multiples  of  the  blade  passage  fre¬ 
quency).  Although  for  convenience,  the  various  harmonics  of  the  ro¬ 
tational  noise  are  represented  in  later  sections  of  this  report  by  an 
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envelope,  rotational  noise  contains  only  discrete  ircquenc Lrs .  The 
identification  of  vortex  noise  requires  a  more  detailed  analysis  of 
the  constant  bandwidth  data. 

In  an  earlier  section,,  it  was  pointed  out  that 
rotor  vortex  noise  occurs  at  frequencies  up  to  a  maximun!  defined  by 
the  blade  tip  speed.  Consequently,  vortex  noise  may  be  properly  repre¬ 
sented  by  an  envelope.  Since  the  directivity  pattern  of  thi.s  noise 
rotates  with  the  blade,  an  observer  off  the  axis  of  rotation  will  de¬ 
tect  tne  vortex  noise  at  frequencies  which  are  modulated  at  the  blade 
passage  frequency. 


ftetailcd  analyses  of  the  constant  bandwidth  data 
were  made  in  the  frequency  range  where  main  rotor  vertex  noise  com¬ 
ponents  were  anticipateii.  Figure  16  shows  typical  oscillograph  traces 
of  vortex  n.'ise  tiire  histories  obtained  using  a  25-c,p,s.  constant  band¬ 
width  filter  centered  at  100,  200  and  300  c.p.s.  It  is  seen  that  the 
two-per-rev  (ll-c,p,s.)  modulation  occurs  at  all  three  frequencies  and 
i.s  clearly  evident  at  2.00  c.p.s.  Similar  analyses  at  the  p.’.Ancipal 
tail  rotor  rotational  frequencies  did  not  show  the  two-per-rev  modulation, 
t.hus  the  levels  of  this  component  mask  the  main  rotor  vortex  noise. 

With  the  various  components  so  identified.  Figure 
17  presents  the  envelope  cf  the  main  and  tail  rotor  noise  components 
and  also  curves  of  equal  loudness  level.  It  is  seen  that  even  though 
the  sound  pressure  levels  of  the  main  rotor  rotational  noise  are 
highest,  the  corresponding  loudness  levels  are  lower  because  of  their 
nearly  inaudible,  low  frequency  components. 

Figure  18  illustrates  this  effect  more  directly. 

On  that  figure,  the  loudness  levels  of  the  main  and  tall  rotor  com¬ 
ponents  are  shown  as  a  function  of  frequency.  It  is  immediately  seen 
that  with  respect  to  the  noise  perceived  hy  an  observer,  the  tail 
rotor  rotational  and  main  rotor  vortex  noise  are  the  loudest, 

(b)  Effects  of  Rotor  Parameters  -  Main  rotor  loudness 
levels  for  the  various  rotor  configurations  tested  are  shown  by  Figure 
19,  For  these  data,  the  major  parameter.?  are  constant  except  blade 
loading  and  the  number  of  blades.  It  should  ti  iioted  that  the  gross 
weight  of  Configuration  III  was  approximately  .S  per  cent  lower  than 
that  for  either  Configuration  I  or  II.  Also,  Configuration  I  had 
12  degrees  blade  twist  and  an  NACA  0015  airfoil  section,  while 
Configurations  II  and  III  had  NACA  0012  sections  and  approximately 
10  degrees  blade  twist.  It  can  be  seen  that  the  main  rotor  vortex 
noise  predominates  for  all  configurations  tested, 

Figures  20  and  21  illustrate  the  effects  of  blade 
loading  and/or  thrust  at  constant  tip  speed  for  Configurations  I  and 
II,  respectively.  In  both  cases,  increasing  the  thrust  resulted  in 
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i  r.<;  rcasi-d  rot  a  t  i  oiial  ■mri  vortox  noise,  { A.lthiou{;li  rhanros  in  fjross 
wei;_;iit  are  used  t  li  rou^noiit  this  report  to  indic.ite  the  o  f  tv:  c:  I  .of  t.hn.ist, 
the  total  toriisl  -.•qiia.ls  the  .•■.ross  woi.'lit  olii.s  1!i.  iiir.elafe  download.’ 

riquros  uiid  .’,o  show  tlic  tfiVots  of  tip  speed 
tor  th:'  two-  and  t  hret'-hj  adod  fotois,  ri'.spee  t  i  ve  1  y  ,  i'iie  .s  i  eni  f  i  ear  t 
points  to  note  .ire  that  the  ttindness  .l:  vcl  of  all  noise  eomponerits 
ifKreasc-  with  increased  tip  .speed  an-j  the  three-hladod  rotor  produces 
the  lowest  vortev  noise  of  the  three  t or.f i iturat i ons  tested. 


The  reak  vortex  and  rotational  loudness  levels 
from  Ficuires  19  throi’ith  11.3  arit  used  in  the  followi.nt;  paragraphs  to 
establish  trends  associated  with  the-  parainetei  variations  of  the  sub¬ 
ject  tcHt.s.  1'  is  noted  that  the  application  of  tliese  data  beyond  the 
ranpc  ;,r  this  investigation,  oi  broad  gene rai i xa t ions  based  on  such 
p  res,  nt  at  ions ,  may  not  be  valid  due  to  sucii  items  as  helicopter  si/;e 
effects  on  the  fundamental  frequency;  the  variations  of  the  intensity 
ot  the  higher  harnionic  rotational  noise;  and  changes  in  the  charac¬ 
teristics  of  the  modulated  vortex  noise. 

1 )  Thrust,  Blade  Loading  and  Number  of  Blades  - 
Pigure  24  .shows  the  peak  values  of  the  main  rotor  rotational  and  vortex 
loudness  levels  plotted  as  a  function  of  blade  loading  for  several 
gross  weights.  The  curves  are  based  on  the  two-bladed  rotor  data  of 
Figures  20  and  21  and  on  the  three-bl.ided  rotor  data  of  Figure  23, 

The  effect  of  thrust  is  to  increase  the 
loudness  of  both  the  rotational  and  vortex  components.  As 

shown  in  F.gnre  24a,  the  change  in  the  vortex  loudness  level  for 
both  the  two-  and  th ree-bl aded  rotors  due  to  a  change  in  thrust 
remains  essentially  constant  as  a  function  of  blade  loading.  For 
the  rotational  component,  however,  it  appears  that  the  effect  of 
tliiu:‘t  for  two-bladed  rotors  is  more  significant  than  that  for  three- 
bladed  rotors  at  the  lower  blade  loadings. 

Increasing  the  blade  loading  increases  the 
vortex  component  loudness  level  and  decreases  that  of  the  rotational 
component.  Comparing  Figure.r  24a  and  24b,  il  can  be  seen  that  above 
blade  loadings  of  appro:tlmately  50  and  70  pounds  per  square  foot,  the 
vortex  component  predominates  ior  the  thre»  ■  .-.-d  two-bladed  rotors, 
respectively. 


The  three-bladed  rotor  data  shown  in 
Figure  24  are  interesting  since  they  allow  some  observations  on  the 
effects  of  the  number  of  blades.  For  a  given  thrust,  the  loudness 
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!  !  -,|  I'l!-  c'l'ti'M  lor  tin-  h  Leo  -  b  1  ai!i  •  1  I'lilnr  lall  in 

1  i  n-,’  -.■.itb  I'fii-  oNt  rupol.U'.’il  1w;  n.tur  flata.  Tlii^  indirvatrs 

that  bi'r  '.ordi  f  i  e-ns  of  eijual  he  Ve  r  i  ni;  ctficicncy,  Ihe  vortes:  ntuse 
o;  tv.’o-  and  t!iroi--lilaflid  rntc^ra  is  es.".ont  i  ?.1  1  y  the  same.  In  Fiyiiie 
■  t'l  -  j-.iak  re-t  at  i  on;- 1  1  an  (in  css  It-vcl  itf  tile  t  h  ice -bl  adc  d  main 

I'  iti  t  1.-,  ap  -a-i  iably  lov.cr  than  that  f'lr  tiic  cst  I'apnlated  two-bladed 
rotor  data  (lor  tlu-  same  r.itor  thrust)  and  eDiisequently  indicates  a 
sie.rit  ie  ant  ■.•I'i'ci  t  ot  number  of  l.'ladi-s.  For  the  case  shown,  increas- 
ini;  the  number  of  blades  from  two  to  three  appears  to  be  equivalent  to 
dec  rear- in the  thrust  of  the  two-bladed  rotor  by  about  500  pounds. 

In  many  cases,  two-bladed  rotors  are  de¬ 
signed  i.itli  )u.,>u  r  blade  ioad'.nps  than  comparable  three-bladed  rotors. 
Consequently,  tile  rotat.onal  loudness  levels  ot  the  two-  and  three- 
I'laued  rotors  will  be  aeprcsimai.ely  the  same.  Vortex  inise,  on  tb.e 
other  hand,  will  tienerally  be  more  prominent  for  the  two-bladed  rotor 
desi ens , 


2)  Tip  Speed  -  Figure  25  shows  t!ie  peaa 
values  of  the  main  rotor  rotational  and  vortex  loudness  levels  plotted 
as  a  function  of  blade  tip  speed.  Doth  two-  and  three-bladed  data 
are  given;  the  three-bladed  data  are  for  hover  at  a  gross  weight  of 
64t)0  pounds  (BL  =  50  pounds  per  square  feet)  and  the  two-bladed  data 
are  for  tiedown  at  an  approximate  thrust  of  6000  pounds  (BL  =  108 
pounds  per  square  feet). 


It  is  seen  that  both  the  rotational  and 
vortex  loudness  levels  increase  with  increased  tip  speed  and  that  the 
respective  slopes  of  loudness  level  versus  tip  speed  for  both  com¬ 
ponents  for  the  two-  and  three-bladed  rotors  are  the  same.  The  slope 
of  the  rotational  component  is  slightly  greater  than  that  of  the  vortex 
noise,  as  would  be  expected  from  theoretical  considerations.  The  rela¬ 
tive  magnitudes  of  the  rotational  and  vortex  loudness  levels  for  the 
two-  and  three-bladed  rotors  are  explained  by  the  difference  in  blade 
loading  between  the  test  rotors  (see  Figure  24). 

<c)  Reduction  of  Main  Rotor  Noise  -  From  the  above, 
it  is  seen  that  for  the  range  and  size  class  of  the  parameters  in¬ 
vestigated,  the  following  trends  are  estsbli  h-'d: 

-  Both  the  rotational  and  vortex  noise  components  are  reduced 
with  lower  tip  speeds. 

-  At  a  given  tip  speed,  the  rotational  noise  component  is  re¬ 
duced  with  increased  blade  loading.  For  a  given  tip  speed 
and  blade  loading,  the  rotational  component  is  reduced  with 
increased  number  of  blades  and  reduced  thrust. 
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•  !  '"■  '  ;  luii  si.'  coin|>!;ni.'iU  i n -  re a.si-s  v;iUi  inc  thru.-it  and 

I’laiir  Li'Mdiiir,.  Till  ol  niimliar  nl  Maik'S  nn  liin  vOitex 

iii'i  .';,'  I  S  nsl  d  I  s(  i- r.iiiili  . 

'■'.'I'  tlu-  I'Aiticular  roU>r  coni' i_L;u  rati  nn.s  irivc!;  t  i;;;!  ted ,  tbe  vortex 

no,  .'nipc.iien  t  [' retln.ni  nates . 

In  addition  to  tlie  |)aramctors  varied  during  the 
.•.uliject  test  jirog ram ,  it  is  believed  that  vortex  noise  may  be  affected 
.sivii  i  1  i  cant  I  y  by  the  blade  twist,  taper  and  section.  Different  tip 
.shapes  ,  aps  have  boon  rropo.sed;  however,  available  evidence  indicates 

only  .s.ipht  gains  are  possible  with  those  niodif  ications ,  It  is  probable 
that  a  blade  area  larger  than  just  the  tip  is  involved.  Decreasing  the 
local  iilade  loading  over  the  outboard  portion  .if  the  radius  (as  much  as 
.Ve  per  coni;  may  be  quite  oIfi-,Iive  in  reducing  the  vortex  noise, 

(  I  iilade  SJa:' 

(a)  Description  and  General  Discussion  -  By  far, 
the  most  objectionable  noise  associated  with  helicopter  operation, 
iiliVil  dccurs,  is  blade  slap,  Tliis  noise  is  characterized  by  its 
occurrence  at  blade  passage  frequency.  Depending  on  its  intensity, 
it  has  boon  rclcrred  to  as  a  "popping"  or  "cracking"  sound.  The 
term,  blade  slap,  as  used  herein,  denotes  one  type  of  noise  which 
may  vary  in  intensity  and  quality  depending  on  the  rotor  design  and 
flight  conditions, 

1)  Single  Kotor  -  The  single  rotor  HU-1  heli- 
coj)tc’r  exhibits  a  tendency  to  slap  under  certain  flight  conditions 
such  as  low-power  letdowns,  decelerations,  turns,  and  moderate  for¬ 
ward  speeds  at  high  gross  weight.  The  H-13  helicopter  jlso  exhibits 
this  characteristic;  however,  the  noise  produced  by  the  smaller  machine 
is  less  severe. 

During  the  tests  of  the  subject  program,  severe 
blade  slap  was  not  encountered;  however,  during  the  fly-dver  tcvsts  of  - 
Configuration  I,  the  slap  was  noted  as  the  helicopter  decelerated  and 
turned  away  from  the  obsert'er.  Narrow  bandwidth  analyses  of  these 
lly-over  data  <cveal  that  blade  slap  is  r  m^osed  of  all  audible  fre¬ 
quencies  iii'dulated  at  the  characteristic  bj.ade  passage  frequency.  An 
example  of  this  effect  is  shown  by  Figure  26,  where  a  large  increase 
in  sound  pressure  level  due  to  slap  at  a  frequency  of  500  c.p.s,  is 
shown. 

The  effect  on  the  over-all  frequency  spec¬ 
trum  is  shown  by  Figure  27  where,  the  results  of  a  narrow  bandwidth 
analysis  of  blade  slap  are  giv.en.  In  this  figure,  the. peak  sound 
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1  ass.'t  i -.ill'll  with  liUiiU-  sl;'p  iii':-  plotti'il  as  a  iu;n.-tion 

I'i  !  i'l  ■  (lui '1 11  V ,  It  m.iv  in-  n.'.  I  Ijlails:  slap  cxtands  O'.-er  a  fi'i.'- 

(|iii  iu'\’  iMniw  i'l'  to  I'Vi'i  U'tHi  c^p.s.  ,incl  lias  a  maxiinunt- intons i ty 

.1  T'l'l  111(1  ■  I  .  P  .  S  . 

Tile  '.lifierenci.'  in  ciiarat te r  between  the  noise 
assoe  i  II  t  rii  ',.  it!i  1)1  ade  slap  and  t  he  usual  lieile-eple  f  iic-ise  is  shown 
in  tile  ski  tell  below,  A  numerical  scale  ox'  loudness  is  nut  given  due 
to  the  iliflerent  ee.nditions  of  the  two  tests.  Note  the  broad  Spec¬ 
tral  ills  t  r  i  liii i  I  n  of  lilade  slap  as  compared  to  the  liovering  frequency 
distribution  >)f  tile  varioiis  noi.-.c  components.  When  blade  slap  occurs, 
the  individual  noise  sources  are  not  discernible. 
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FRE  JUENCY,  O.P.S. 

OlFFcRENCE  IN  CHARACTER  OF  BLADE  SLAP 
AND  NORMAL  HELICOPTER  NOISE 


During  the  test  program  v/ith 
the  two-bladed  HU-IA  rotor, 
blade  air  load  and  acousti¬ 
cal  measurements  were  re¬ 
corded  simultaneously  during 
fly-over.  Similar  dsta  were 
taken  during  normal  flight 
with  internal  noise  measure¬ 
ment  equipment.  Figure  2d 
gives  an  example  of  these 
data.  The  recorded  dif¬ 
ferential  pressures  at  var¬ 
ious  chordwise  stations  at 
the  75  per  cent  radial  station 
are  given  together  with  the 
output  from  a  microphone  lo¬ 
cated  in  the  cabin  for  a  60-0 
knot  deceleration  when  blade 
slap  was  present.  Note  the 
sharp  differential  pressure 
changes  occurring  at  blade 


azimuth  positions  of  approximately  90  and  270  degrees.  The  acoustical 
measU'remeiit  (trace  number  S)  -also  indicates  two/rev  increase  in  rotor 
noise  near  90  degrees  and  2,'0  degrees  azimuth  position  (a  time  delay 
of  about  0,02  accorida  should  be  taken  iulo  account  for  the  noise  to 
reach  the  cabin),  tiufficient  dr'tail.s  ire  no'  present  to  define  which 
blade  produces  the  slap.  A  closer  study  of  the  internal  noise  trace, 
however,  shows  a  150  c.p.s,  frequency  which  corresponds  to  a  pressure 
variation  near  the  blade  tip  on  the  advancing  side,  (See  detail  in 
Figure  23. ) 


2)  Tandem  Rotor  -  Based  on  this  contractor's  ex¬ 
perience  with  the  tandem  rotor  llSL  helicopter  and  recent  discussions 
with  a  tandem  rotor  helicopter  manufacturer  (Reference  16),  it  is  con¬ 
cluded  that  the  tandem  configuration  is  more  susceptible  to  blade  slap 
than  a  single  rotor  configuration.  With  the  twin  Iwu-bladed  rotors  of 
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tiU’  iicl.l  IISI,,  i.wc/l'i'v  l-'indo  sliin  was  prcSi-nt  during'  ;ill  operating  con- 
(iitienis  v.itli  varyiii"  depri-i's  of  ;i.-vority, 

Csr  ■  '  !  i!grai’';i  records  el'  this  noisi.’  from  Ref- 
I'li’rue  1  ■;  siuMv  peak  sound  nri  ssure  levels  of  Idd  decibels  at  a  location 
near  the  ildl.  lotor  on  tiedown.  The  root-mean-stiuare  sound  pressure  level 
1  or  the  same  condition  ivas  approxiiiiately  llS  <lec i t'<r  1  s .  The  adjacent 
sketch  represents  a  time  history  of  the  over-all  sound  pressure  level 
during  the  subjeet  HSL  acoustical  measurements.  Note  the  position  of 

the  rotors.  The  sudden  rise 
in  sound  pressure  level  as¬ 
sociated  with  blade  slap  is 
Seen  to  occur  periodically 
at  lilade  passage  frequency 
for  one  rotor  (two/rev). 

Based  on  the  analysis  in 
Reference  I’’ ,  the  noise 
originated  as  the  rotor 
blades  entered  the  overlap 
region.  As  in  cue  subject 
program,  sufficient  data 
were  not  obtained  during 
this  work  to  determine  which 
bladeCs)  produced  the  slap. 

Based  on  observations  and  in¬ 
formation  from  Reference  16, 
the  tandem  rotor  YHC-IA  and 
HC-13  helicopters  generate 
blade  slap  in  most  flight  con¬ 
ditions;  and,  at  high  forward 
speeds,  a  cracking  sound  is 
encountered.  Indications  are  that  the  YHC-lA  noise  is  more  intense  than 
the  HC-IB  at  that  condition.  Although  details  are  not  available,  it  was 
learned  during  Reference  16  that  preliminary  analysis  indicates  that  the 
blade  slap  of  the  HC-IB  is  generated  as  the  aft  rotor  leaves  the  region 
of  overlap.  This  is  in  disagreement  with  the  conclusions  of  Reference 
17. 
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TIME  HISTORY  0^  OVER-ALL  SOUND  PRESSURE 
LEVEL  DURING  BLADE  SLAP  OF  TANDEM 
ROTOR  HSL  HELICOPTER 


There  are  many  una>.AWvred  questions  concern¬ 
ing  blade  slap  and  this  points  out  the  lack  of  a  basic  understanding 
of  the  origin  of  this  noise  and  the  effects  of  various  parameters  on 
this  source,  A  review  of  the  available  literature  shows  no  discus¬ 
sion  of  this  characteristic  noise  associrteJ  with  helicopters.  The 
following  section  presents  this  ccntractor's  views  on  the  possible 
origin  of  blade  slap  and  the  approaches  to  minimize  this  disturbing 
noise. 
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Cii)  Poss i hie  Origin  and  Mitigation  of  Blade  Slap  - 
Based  on  the  av'ai  lablo  evidence,  the  most  probable  cause  of  slap  at 
low  f light  speeds  is  iiie  rapid  angle  of  attack  changes  ivliich  a  blade 

ru'iues  as  it  encounters  its  own,  or  a  previous  bladt;'s  wake.  Con- 
press  i  h  i  I  i  ty  could  increase  tile  severity  of  the  effect  of  this  angle 
ot  attack  change.  When  the  blade  angle  of  attack  is  suddenly  changed, 
the  lilt  and  consequently  the  trailing  wake  system  also  change  abruptly. 
The  abruptness  of  the  change  in  the  wake  leads  to  an  irapluse  type  noise 
whicli  contains  all  frequencies.  Less  severe  angle  of  attack  changes 
can  alter  the  characteristicK  of  the  boundary  layer  on  the  blade  and 
the  normal  vortex  noise  may  be  reinforced  at  blade  passage  frequency. 

This  explanation  is  supported  by  Figure  29  which 
sliows  tile  results  of  air  load  measurements  on  the  HU-IA  rotor  from 
Reference  d.  Tliat  figure  shews  the  differential  pressure  near  the 
tip  of  a  single  rotor  helicopter  main  rotor  blade  at  various  forward 
speeds.  It  can  be  seen  that  a  sudden  increase  and  decrease  in  the 
blade  differential  pressure  occur  during  low  forward  speeds  just  be¬ 
fore  an  azimuth  position  of  90  degrees  and  just  after  270  degrees, 
respectively.  At  forward  speeds  of  20  and  40  knots,  blade  siap  was 
encountered.  By  observation,  this  noise  occurred  at  twice  per  revo¬ 
lution;  however,  the  azimuth  position  of  the  rotor  blade  where  slap 
originated  could  not  be  determined. 

The  possible  azimuth  positions  at  which  inter¬ 
ference  with  the  trailing  vortex  system  might  occur  are  shown  in  the 
schematic  on  Figure  29,  The  indicated  tip  vortices  would  cause  sudden 
inflow  changes  near  azimuth  positions  A  and  B.  Thus,  the  passage  of 
a  blade  through  the  trailimt  vortices  would  result  in  a  sudden  force 
variation  on  the  blade  elements  near  the  tip  which  could  result  in 
the  noise  observed.  In  all  probability  the  noise  would  occur  on  the 
advancing  side. 


An  explanation  for  the  dependence  of  the  intensity 
of  blade  slap  on  flight  condition  is  obtained  by  the  consideration  of 
the  rotor  inflow  variation  for  different  flight  conditions.  In  a 
climb  where  slap  is  rarely  encountered,  the  rotor’s  trailing  vortex 
system  is  directed  away  from  the  blades.  Conversely,  in  a  partial 
power  descent  where  blade  slap  is  encountered,  the  helicopter  flies 
into  Its  wake. 


A  tandem  helicopter  is  more  susceptible  to  blade 
slap  since  the  trailing  vortex  system  from  two  rotors  are  present. 
For  the  tandem,  the  reasoning  presented  above  remains  valid  for  that 
machine;  and,  it  becomes  possible  to  encounter  blade  slap  under  all 
operating  conditions. 
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At  hij.TlU'1'  i'Lif;hl  speeds  vvlu' it  I  Ik‘  rotor  \vakc  offsets 
arc  less  pronouncoil  (see  Fipure  2Q)  it  is  bi’llevod  tliat  blade  slap  or 
eraik  is  ol  a  uiflorent  orii-in  Uiaii  llial  encouiiterod  at:  the  lower 
spet’ils.  For  this  (.  aso  it  is  tie  I  ie  voc!  that  the  severe  craeking  noise 
is  produced  by  local  slic-ck  waves  on  the  advancint;  lilade.  These  local 
shock  waves,  combined  with  Doppler  eifects,  could  exp’ lin  the  hif^h 
speed  crackin;;  noise. 


Clearly,  additional  work  is  recjuired  to  define 
tile  phenomena  associated  with  blade  slap,  and  to  investigate  means  to 
reduce  it.  Based  on  Die  available  evidence,  it  is  believed  that  blade 
slap  may  lie  mitigated  by  decreasing  the  operating  tip  speed,  the  over¬ 
all  blaile  loading  and  compressibility  effects  (airfoil  section,  special 
tip  shapes,  etc.).  It  may  also  be  possible  to  reduce  blade  slap  by 
decreasing  the  local  blade  loading  at  the  tip;  this  could  be  accom¬ 
plished  by  increasing  the  inboard  loading  by  blade  twist  or  taper. 

Note  that  tlie  items  theoriTied  to  decrease  blade  slap  are  the  same  as 
those  wliich  decrease  the  vortex  noise  component. 

For  the  tandem  rotor  helicopter,  bla.dw  slap  might 
also  be  alleviated  by  minimixing  blade  overlap  and  increasing  the 
vertical  separation  between  the  rotors'  tip  path  planes.  The  latter 
might  be  accomplished  by  angular  or  linear  vertical  displacement; 
however,  such  an  approach  would  not  alleviate  the  problem  for  all 
flight  conditions  (i.e.,  downwind  hovering), 

c.  Tail  Rotor  -  It  was  mentioned  earlier  and  is  shown  by 
Figure  15  that  the  noise  produced  by  the  tail  rotor  of  the  test  heli¬ 
copter  is  primarily  rotational.  Peaks  in  the  sound  pressure  level 
at  multiples  of  the  blade  passage  frequency  were  the  only  significant 
tail  rotor  noise  measured.  By  reference  to  Figure  18,  it  is  seen 
that  the  loudness  level  of  the  tail  rotor  is  significantly  greater 
than  that  of  either  the  rotational  or  the  vortex  component  of  main 
rotor  noise. 


Decreasing  the  tip  speed  and  increasing  the  number  of 
blades  are  theoretically  effective  means  of  reducing  rotational 
noise.  The  effect  of  tip  speed  is  illustrated  by  Figure  30  which 
shows  that  as  the  tip  speed  is  reduced,  the  loudness  level  of  all 
harmonics  of  the  rotational  component  are  i e.cced.  Another  ad¬ 
vantage  of  lower  tip  speed  operation  is  also  shown.  Note  the  re¬ 
duction  in  loudness  level  at  the  higher  frequencies  associated  with 
low  t_p  speed  operation.  This  is  believed  to  be  an  r.p.m.  effect 
on  the  higher  harmonic  loudness  level. 

Since  the  scope  of  the  subject  test  program  did  not  in¬ 
clude  variations  in  tail  rotor  parameters,  existing  propeller  theory 
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and  certain  aKsurnptions  hased  on  this  rest  prottram  are  used  to  indi¬ 
cate  tiu'  [lossi  lii  I  i  t  i  I's  oi'  tail  rotor  noise  reduction.  It  is  believed 
tlial  by  this  a|-proach,  trends  can  he  established  to  t’Valuate  tlie  cf- 
tei  Is  oi'  number  ot  hlailes,  tip  speed,  tliriist,  etc.,  on  tlie  parceivod 
loudness  rt  tail  rotor  noise, 

Pipure  ;il  stives  the  calculated  sound  pressure  level  for 
the  rotational  and  vortex  components  of  a  tail  rotor  with  two,  three 
and  four  Hl'-iA  tail  rotor  blades.  These  calculations  were  based  on 
the  Hl'-lA  tail  rotor  hovering  thrust  and  power  requirements;  con¬ 
stant  power  and  thrust  were  as.sunied.  For  reference,  a  line  I'f  con¬ 
stant  rotor  thrust  coefficient/solidity  is  also  given  (C-p/cr  =  .05), 
Figtire  31a  sliows  that  the  magnitude  of  the  fundamental  rotational 
component  rs  reduced  by  lowering  the  tip  speed  and  increasing  the 
number  of  blades.  The  corresponding  measured  data  for  the  Hh-IA 
tail  rotor  arc  also  given.  II  is  seen  that  although  theory  predicts 
a  rotational  sound  pressure  level  significantly  lower  than  that  meas¬ 
ured,  the  general  trend  with  tip  speed  is  valid.  Comparisons  of 
the  calculated  higher  harmonics  of  the  rotational  component  show 
that  these  sound  pressure  levels  are  underestimated  even  more  than 
the  fundamenta.l .  Fortunately,  it  is  indicated  by  the  tests  of  this 
program  that  the  magnitude  of  all  harmonics  of  the  rotational  com¬ 
ponent  will  be  reduced  if  the  fundamental  is  decreased.  Therefore, 
calculations  of  the  fundamental  rotational  noise  are  used  herein  to 
provide  an  indication  of  the  noise-  reduction  trends  as  a  function 
of  the  tail  rotor  aerodynamic  parameters. 

The  calculated  maximum  vortex  sound  pressure  levels 
for  the  above  tail  rotors  are  shown  in  Figure  31b.  The  reference 
Cp'/cr  =  ,05  is  also  given.  The  calculations  show  that  the  vortex 
noise  increases  with  number  of  blades  (the  chord  is  held  constant), 
and  with  higher  tip  speeds.  Above  tip  speeds  of  about  600  f.p.s. 
the  vortex  noise  is  shown  to  be  less  than  that  of  the  rotational 
component.  This  is  also  indicated  by  the  test  results  of  this  pro¬ 
gram.  The  calculated  data  indicate  also  that  for  certain  combinations 
of  design  parameteia  the  rotational  and  vortex  noise  will  become  of 
equal  Importance, 

It  is  also  seen  from  Figure  31  t..at  for  a  given  basic 
design  the  performance  requirements  define  the  noise  reduction  pos¬ 
sibilities  for  the  tail  rotor.  Based  on  the  use  of  the  HU-1  tail 
rotor  blade,  a  tip  speed  limit  of  about  450  f,p,s.  is  apparent  at 
a  value  of  Cp/<r  of  ,05.  Below  that  tip  speed,  the  vortex  noise 
will  predominate  due  to  the  increased  blade  area  required  to  main¬ 
tain  the  design  thrust  factor. 

To  evaluate  the  theoretical  results  of  Figure  31  in 
terms  of  loudness  level,  the  magnitude  of  the  higher  harmonic 
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I'.’l  j  I  1  "11.1 1  mu!  tlu-  1' L’uqui-iu.  y  of  tlio  peak  vortux  lu'-iae  must  be 

s  1 .1  bl  i  .-.Ihul .  I'siim:  tlio  tu.st  data  ul'  tin-  .subjiut  program  a.s  a  guide, 
tlu’  i  ol  I'livin,;  ar.siimpl  L'an.s  ai'e  mu-'ie  to  enable  this  transformation. 

11  The  magnitude  ot'  tile  nth  liarmonir  of  the  tai.l  rotor  rotational 
■.iitnd  [’ressiire  level  may  !)e  estimated  by  reduring  the  ealculated 
soun  i  pressure  of  tlie  fundaini-iital  by  an  anount  based  on  tlie  dif- 
fe  rente  in  magnitude  between  the  ftmdamental  and  nth  Itarmonic 
mt’a.'-ured  during  tliis  prugram. 

1.1  The  I'requency  of  the  peak  vorte.v  noise  of  the  Hi'-l  tail  rotor  blade 
is  a|iproxiraate ly  twice  that  ol‘  the  HU-IA  main  rotor,  or  1000  c.p.s, 
at  uitlO  engine  r.p.m.  This  is  based  on  the  equation  f  =  K  ^  , 

Since  V,.  for  tlie  tail  and  main  rotors  is  nearly  tlie  same,  the  fre¬ 
quency  ratio  for  the  main  and  tail  rotors  is  approximately  equal 
to  the  ratio  of  tlieir  respective  chords. 

It  is  believed  that  these  assumptions  arc  valid  for  the 
HP-1  and  for  helicopters  of  the  same  general  size  class  operating 
a'  similar  rotational  speeds. 

The  results  of  this  transfer  of  the  theoretical  sound 
pressure  level  to  loudnes.s  level  are  shown  by  Figure  3?,,  That  figure 
shows  the  calculated  loudness  level  of  the  fundamental  and  peak  ro¬ 
tational  components  and  the  vortex  noise  as  a  function  of  tip  speed 
and  number  of  H1!-1A  blades.  Measured  peak  rotational  loudness  levels 
of  the  HP-IA  tail  rotor  are  also  shown.  The  minimum  values  of  tip 
speed  as  a  function  of  Cj,/<r  are  also  indicated. 

It  is  seen  that  a  single  curve  represents  all  numbers 
of  blades  for  the  fundamental  rotational  noise.  This  is  due  to  the 
transfer  from  sound  pressure  level  to  loudness  level  and  the  inter¬ 
action  between  rocor  speed  and  blade  loading.  The  transfer  from  sound 
pressure  level  to  loudness  level  is  dependent  on  the  fundamental  or 
blade  passage  frequency  and  must  be  evaluated  for  each  case.  The 
changing  slopes  and  intersections  of  the  curves  representing  the 
number  of  blades  are  also  due  to  that  transfer. 

Figure  32  also  shows  that  for  the  cases  under  investi¬ 
gation,  rotational  noise  is  predominant  abc/.i  lip  speeds  of  about 
600  f,p,s.  Additionally,  note  that  the  test  data  of  the  subject  pro¬ 
gram  show  peak  rotational  loudness  levels  about  10  phons  higher  than 
the  estimated  values.  For  purposes  of  direct  comparison,  esti¬ 
mated  tail  rotor  loudness  levels  will  be  "o  modified  in  Section  VI, 

In  addition  to  reducing  tip  speed  and  blade  loading, 
other  possibilities  with  respect  to  the  reduction  of  tail  rotor 
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nnisr  ini.luiu-  twist,  and  tajwi  lu  minimizi.'  the  outl.'Oai'd  b.l  adc  loadiiij; 
and  lUilnai-Hii^;  the  tail  roter  at  hi(;h  speed  by  a  tail  fin.  The  le- 
e.itii'n  of  tlu‘  tail  rotor  with  respect  to  the  main  rotor  and  tail 
hiKim  may  also  he  important.  This  could  not  be  verific'd  conclusively 
tiurinp  tliis  pro.urai'i;  liowi'Ver,  there  were  indications  that  inter¬ 
ference  and  mask  ini;  el'fects  were  present  which  influence  the  tail 
rotu.r  noise. 


.2 .  Drive  System 

Tlie  noise  generated  by  a  helicopter  drive  system  consists  of 
that  associated  with  the  t ransmi ss ion( s ) ,  couplings,  bearing  sup¬ 
ports,  and  drive  system  vibrations.  These  sources  contribute  sub¬ 
stantially  to  the  internal  noise  characteristics  of  the  helicopter 
liut  have  little  efft!Ct  on  the  far  field  external  level.  This  is  due 
to  tile  aimospheric  attenuation  of  high  frequency  noise  and  the  masking 
cl  fee  Is  ol  olliet  sourci  S. 

From  Reference  1>S,  the  noise  caused  by  the  operation  of  a 
gear  is  a  result  of  stress  waves  produced  in  the  gears,  a  r  and  oil 
pocketing,  friction,  impact,  and  the  variation  of  radial  forces. 

Proper  gear  geometry  and  accuracy  of  gear  manufacturing  processes  re¬ 
duce  the  level  of  all  of  these  noise  sources;  however,  the  noise  due 
to  friction  remains  a  function  of  the  torque  input.  The  sudden  re¬ 
versal  of  the  frictional  forces  on  each  tooth,  gives  rise  to  an  ef¬ 
fect  called  "pitch  line  shock"  and  results  in  a  pronounced  noise 
generated  at  the  tooth-contact  frequency. 

The  contribution  of  the  drive  system  sources  and  accessories 
to  the  internal  noise  spectrum  of  the  Hll-IA  helicopter  is  shown  by 
Figure  33,  The  prominent  high  frequency  noise  peaks  can  be  traced 
to  the  main  transmission  generator  and  the  first  and  second  stage  plan 
etary  pinions  (gears)  of  the  main  transmission.  These  peaks  are  iden¬ 
tified  by  calculations  of  the  output  frequencies  and  the  gear-tooth 
contact  frequencies  of  these  sources,  respectively. 

In  addition  to  gear  noise,  the  noise  associated  with  bearing 
supports,  couplings,  and  drive  system  vibrations  may  become  signifi¬ 
cant  in  a  tandem  rotor  helicopter  due  to  th**  relatively  long  inter¬ 
connecting  shaft  between  the  two  main  rotors,  j^nce  the  shaft  is 
normally  located  above  the  passenger  compartment,  this  area  may  be 
subjected  to  a  considerable  amount  of  high  frequency  noise,  both  air- 
and  structure-borne. 

Theoretical  analyses  are  not  available  to  predict  the  effect 
of  various  noise  control  techniques  in  reducing  gear  noise  in  a  heli¬ 
copter  drive  system.  Several  techniques  have  been  suggested.  These 
include  helical  gearing,  elastically  mounted  ring  gears,  plastic  gears 
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i  ni- -i  s  .-(I  1r,msm.if;s  lu'iisiii;  i  li  i  cl;  m  ■  Sh  ,  atui  various  .sub.sti  tutcs  for 
l-;vci-p!  Lor  si-vcre  problem  if  is  ilnubtiul  tbat  the  noise 

r.'i  111  tt  ;  on  at  li  ie'-'-.;l  by  Uu'Se  techni  i]Ui  ;;  noiiltl  warrant  the  necessary 
changes  to  an  e.'sistiri;  tk’Sipn, 

Li  ehtw' iitht  iiialerial  siicli  .is  1' i  be  rgl  a  ss  ,  foam,  etc,,  is  often 
used  in  esistip.!;  dosi^^'ns  to  (lecreaso  the  noise  transmittetl  from  the 
source  to  an  observer  in  the  vehicle.  In  addition,  damping  tape  is 
used  extensively  where  st  rue  tu  re-boriii-  .sound  is  t  ran.sinitted  through 
loni:  fuselages  and  structures.  Test  work  to  evaluate  the  noise  re¬ 
duction  that  can  be  olituined  by  incorporating  tlie  above  technique.? 
in  future  helicopter  drive  system  designs  is  needed, 

1 .  Power  plant 

a.  Turboshaft  Kngine  -  The  noise  of  a  turbosbaft  engine  is 
as.soi  iated  with:  ill  the  inlet  (primarily  coinpre.ssor  whine),  (2)  the 
engine  tirive  system,  gearing  and  bearing  noise  associated  with  the 
reduction  gears  and  the  accessory  drives,  (3)  the  exhaust,  including 
tlte  noise  produced  in  the  mixing  region  of  the  exhaust  gas  stream 
and  the  surrounding  air,  plus  the  contributions  from  combustion  and 
tile  power  turbine,  and  (4)  the  noi.se  radiated  from  the  structural 
vibrations  of  tlie  engine  case.  The  major  sources  of  a  typical  tur- 
bosliaft  engine  installation  are  the  compressor  whine  and  the  ex¬ 
haust  noise. 


Compressor  whine  is  associated  with  the  disturbances 
caused  by  tlie  passage  of  air  by  tile  compressor  blades,  similar  in 
nature  to  tlie  mechanism  of  rotational  noise  as  discussed  previously. 
The  frcciuency  of  the  compressor  noise  is  determined  by  the  number  of 
compressor  blades,  the  number  of  stalionary  blades  and  the  rotational 
speed.  The  noise  from  tlie  first  compressor  stage  is  normally  the 
predominant  source;  althougli,  for  certain  designs  the  noi.se  from  the 
following  stages  may  become  noticeable.  These  stages  generally  t'av® 
different  numbers  of  blades  and  therefore  different  fundamental 
frequencies.  Usually,  the  frequencies  associated  with  compressor 
noise  of  a  turbosUaft  engine  are  around  10  kilocycles  and  are  quite 
directional.  This  noise  i.s  attenuated  rapidly  with  distance;  thus, 
only  the  internal  and  near  field  levels  •'.“o  si,-;nificantly  influenced 
by  this  source.  Although  detected  in  the  cabin  of  the  HU-IA  heli¬ 
copter,  the  frequency  response  of  common  acou.stical  instrumentation 
is  such  that  this  source  is  not  easily  identifiable  from  test  data. 

The  exhaust  of  a  turboshaft  (aigine  is  not  a  powerful 
noise  source  when  compared  with  the  helicopter  main  and  tail 
rotor.  The  exit  velocity  of  the  exhaust  gases  is  relatively  low 
(300  feet  per  second  at  the  exit  nozzle  for  the  T53-L-1A  engine); 
thus,  the  turbulence  and  the  noise  of  the  exhaust  mixing  region 
are  relatively  small. 
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I'l'i-Mi  t  lu-  stan(lpc''i  nl  I'l  c  .\l  i' rna  I  nuisa,  t.lu’  t  ii  I'lvslia-l'l 
l'ou'1‘1'  [•'laiil  I'f'l’i’i's  ilistinit  ;nlva  ii  I  a  m'  oviT  .-itlu-r  cnaiius  lot"  :ol;U'y 
'.liii;;  ai  I'l  rail.  Ilii.-  t;'  l-'v.'  '.'•.■1'''.  i  ty  I'xluiii.st  fja.si-s,  thi’  arroclyiiamic 
T'a'iso  p  i-cl  liv  1.lu-  '.'nIi  (iis  1.  is  I'l-loiv  th.iL  I'f  ilii-  I'uri-  jrt,  ti|;  .ii' I , 

illK  Vfil  I'an,  Althoup.li  in  (  lui'ili  i  ih;  I  hr  ilrar  I'irld  iK'i.sr,  thr  hi,.;h 

1  risjiiiau'v  liirliiiir  aiul  i-nnip  rosso  •'  iioisi'  is  i  a  r  fi.iiKi  to  1  y  at  Uiniiali'i.l  ra- 
pidlv  with  ilistanro. 

Till*  uso  lit'  rojnimo  re  ial  J  y  availalUo  acoustical  material  t  n- 
tornally  oi'tors  tlio  most  roliuhlc  tioLhon  oi'  Littciiuatiiir  liigli  f L'l.ayiu'nry 
ilrtvo  systi'iii  and  on;;ino  noise.  I  nt  ■  ipora  t  i  na  siui.  inatrrial  in  tlir 
ratlin  aroa  ol  an  i-\istinp  clrsit;n  ivould  ri:C|ui  ri?  atldilic.nai  t  i‘oa  t.ili  n  t 
to  anv  aeons  t  i  c  a  1  I  y  ivoak  areas',  slk!!  ,,s  iv  i  odoiv.-, ,  door  seats,  ..o  .'.ess 
I'Cts,  o  1  of  t  rica outlets,  rl,„, 

rreatmeiit  oi  the  interior  en;;ino  and  transmission  coivliniT 
c'ticlosuro  with  acoustical  material  would  present  a  jar5',o  al'niniit  i  on 
area  tor  hii;h  Ireiiiu'ncy  noise;  '.o'wevo  r ,  the  dission  would  na'-e  to  he 
such  as  to  avoid  an  eiiitiile  and/of  transmission  coclinf;  p  1  em .  A 
more  i'ompli'te  discussion  oi  inti-rnal  ncise  i;;  p, resented,  in  SecLiini 
V-rS5 . 

b.  Piston  Hnttine  -  The  primary  source  of  noi.se  of  a  piston 
eiiftiiie  i  .s  the  exhaust.  This  noise  originates  from  the  periodic  e\- 
(uilsion  of  hot  ga.ses  of  combustion  through,  the  e.xhaust  sy.stem.  This 
iepresents  a  periodically  changing  volume  which  by  definition  i.-  an 
elementary  noise  source.  The  lowest  frequency  of  the  exhaust  n.i.iii' 
•spectrum  usually  corresponds  to  the  firing  frequency  of  the  cn,gine, 
Harmonics  of  this  frequency  may  also  be  noticeable,  Baned  on  ol.i- 
servatien.s  and  data  reported  ii.  Reference  ,  the  cxhau.st  noise  is 
tile  ma.jor  internal  and  e.stetnal  noise  source  ol  piston  engine  pow.^rcii 
heli copters  . 

Exhaust  mufflers  offer  the  pos.sibiiity  of  no.i.se  feduction 
for  reciprocating  engines  although  the  weight  and  performance  penalty 
may  often  be  critical.  These  penalities  are  also  a  factor  in  con¬ 
sidering  other  possible  noise  reduction  techniques  such  as  combining 
the  exhaust  nf  .several  cylinders  into  one  exhaust  port  to  partially 
cancel  some  of  the  components  of  tlie  e.xh.-iUo.  reusures,  and  having 
pairs  of  cylinders  working  in  counterphase  to  cancel  their  fundamental 
firing  frequency, 

E.  RELATIVE  PROMINENCE 

In  previous  sections,  the  major  noise  sources  of  a  helicopter 
have  been  identified  In  relation  to  the  helicopter  component  from 


35 


ivliicli  tliL’V  III) jnali'  >inil  t'.ii’  nR'cli.iinsni  by  which  they  aio  produced.  In 
this  .-.L-i.  I  ii.'i’ ,  till'  ivlutive  prominence  of  these  noise  sources  and  Com¬ 
ponents  is  ,i;ivcn  for  the  fur  fi-.-ltl  case  and  (liscu.ssed  in  relation  to 
tlie  position  of  the  ohserver  with  respect  to  the  .source  and  tlie  ter¬ 
rain,  Add  i  t  i  ona.l  .1  y ,  the  internu.t  noise  level.s  of  the  helicopter  are 
d i  Si  iisse(i . 

1 .  i-.ir  Field  Case 

Based  on  the  investigation-s  of  tl'.i.s  program,  the  noise  com- 
nonents  of  a  turbine  powered  hp.Ticopter  in  their  order  of  prominence 
for  tlie  far  field  case  (200  feet  or  more)  arc. 

li  Main  rotor  blade  slap  (when  it  occurs), 

.’)  Tail  rotor  (  rot-at  ional)  , 

3.^,4'  Main  rotor  (vortex,  rotational), 

5)  Drive  system, 

6)  Power  plant. 

For  piston  engine  helicopters,  power  plant  exhaust  noise  be¬ 
comes  a  predominant  source,  second  only  to  blade  slap, 

2.  Effects  of  Position 


The  position  of  the  observir  in  relation  to  the  sources  in¬ 
fluences  the  relative  prominence  of  the  noise  components  perceived, 
Th"  impertance  of  the  directivity  pattern  associated  with  certain 
sources  has  been  discussed  previously  (Figures  11  and  12,  over-all 
sound  pressure  level).  For  the  subject  study,  it  must  be  assumed 
that  ati  observer  may  be  at  any  ang.i.e  with  respect  to  the  helicopter; 
consequently,  directions  of  maximum  sound  pressure  have  been  used. 

The  distance  of  the  observer  from  the  helicopter  is  important 
in  defining  ^.he  relative  prominence  of  the  various  noise  components. 
The  principal'  effect  of  distance  is  tn  attenuate  the  high  frequency 
sounds.  Figure  34  (from  Reference  19)  shows  cne  atmospheric  atten¬ 
uation  coefficient,  k,  in  decibels/lOOO  feet,  as  a  function  of  fre¬ 
quency,  At  typical  helicopter  transmission  frequencies  of  about  1200 
c,p,s.,  the  sound  is  reduced  4  decibels  per  1000  feet.  It  is  seen 
from  this,  that  transmission  and  other  high  frequency  noise  may  be 
considerably  more  prominent  inside  the  helicopter  than  indicated  by 
the  far  fie.ld  noise  measurements  of  this  program. 
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l-flL'iil  ut'  T'  Tiain 

In  1  inv  ultitudi-  tlyinK,  terrain  affect.s  the  noise  propa¬ 

gated  betv.'een  the  !’.ol  i  eia|!  te  r  and  the  obsf'rvi’r  by  absorbin(>  and  re- 
l-loeliny,  a  portion  ot  the  sound.  Obviously,  in  military  applications 
tie  (irotection  otl'eroil  by  lulls  and  othi'C  protrusions  between  the  heli¬ 
copter  and  an  enemy  could  be  used  wherever  possible  to  decrease  the 
distanci'  ol  both  .■■.iy;ht  and  sound  detection.  A  significant  amount  of 
sound  alrsorption  clue  co  thick  land  vegetation,  such  as  wooded  and 
brush  areas,  is  achieved,  but  only  at  low  elevation  angles  as  shown  in 
Figure  ,J5  (taken  from  Reterenre  ly).  In  Figure  35,  the  propagation 
loss  coefficient,  k,  represents  the  reduction  in  itiise  level  per  1000 
Itri'i  distance  between  the  noise  source  and  observer  due  only  to  the  ab¬ 
sorption  properties  of  the  terrain.  This  tero  does  not  include  the 
attenuation  of  high  freduency  noise  due  to  the  atmosphere.  As  can  lie 
noted,  a  xoro  to  ten  loss  per  lOOL'  feet  can  be  achieveil  in 

partly  to  heavily  wooded  areas  at  low  elevation  angles, 

4 .  Effect  of  Flight  Technique 


There  may  be  many  military  and  civilian  situations  where  ic 
is  desirable  to  miiiimii'c  the  far  field  noise  of  existing  helicopters. 
For  these  cases,  tlie  helicopter  should  be  operated  at  as  low  a  tip 
speed  as  practical.  Steady  cruising  near  minimum  power  will  min.'mize 
the  possibility  of  detection  or  annoyance;  high  speeds  should  be 
avoided;  decelerations  to  hover  should  be  accomplished  rapidly  to  re¬ 
duce  tile  time  during  which  blade  slap  can  occur;  also,  descents  in 
complete  autorotation  are  preferable  tc  partial  power  descents  to 
minimize  blade  slap.  Autorotation  and  climbs  are  not  normally  as¬ 
sociated  with  blade  slap  but  should  be  moderate,  to  minimize  the 
main  and  tail  rotor  rotational  and  vortex  noise.  It  is  also  de¬ 
sirable  to  fly  as  low  as  possible. 

It  is  realized  that  some  of  the  above  techniques  are  con¬ 
flicting;  for  instance,  low  tip  speed  -  low  altitude  operations  are 
not  necessarily  compatible.  The  techniques  are  noted,  however,  since 
during  extreme  circumstances  it  will  be  at  the  discretion  of  the  pl.tots 
of  the  hel.i copters  to  use  all  poscible  techniques  to  the  maximum  extent 
possible, 

5.  Internal  Noise 


The  internal  noise  characteristics  of  helicopters  are  even 
more  complex  than  those  for  the  far  field  case.  This  is  not  only  due 
to  the  relative  position  of  the  observer,  but  also  due  to  the  fact  that 
structural  as  well  as  airborne  noise  is  involved.  Further,  the  criteria 
for  internal  noise  reduction  are  normally  more  severe  due  tc  require¬ 
ments  to  minimize  annoyance,  fatigue,  speech  interference,  etc. 
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A  l>!.iv.aj.  I  ii-ijiu'iii  V  sjii-i  i  Mim  m  tlic  iioi.-'r  in  tlm  caiiin  ot  the? 

:  iiinli-  i.iliM'  Ilf-JA  111- 1  1  I  ill 't  i- f  i>i  LiiviMi  liy  lM!;i;ri’  .!A.  A.'^  (1  i  Siii.s  scil  firt'- 
iv'iislv,  llu-  li)v.  r  fi-'.jiKMH  y  (n-aKs  in  tlu'  li'-  to  1 '-t  .  p .  s  .  frequency 
iM'i-'.i-  .iCi  !  a  ti;i  ■.villi  tile  ran  i  n  rotor  rot  at  i  oiiai  noise.  Tlie  iraxi- 

rainii  .-ounil  p  re.'-.'ii  i:e  level'i  c  o  r  I'esp-eni!  to  the  lv,i  rmoii  i  i  .v  ol  the  main 
re-'.-r  rot  a  1  i  on.i  I  ';nee:l,  -l/reV  ,  e/r.-v  ,  h/rev  ,  Tail  r-.Uor  rotatioriul 
noj:-.i'  aiiii  transmission  jtea  r  noise  arc:  (iresirlt  in  the  rii  cl-i  L''‘ijuenc  >' 
r.initi  it  s-iinei  lia  t  1  o'*e  r  soiincl  pres-iLirt'  1  •vels, 

Hiitiire  slioivs  the  loudness  level  of  the  major  Htt-lA  internal 
nei.s..  eorapeni-nl  v.'itli  the  pilot  and  copilot  vtindoivs  opened.  It  is 
see’’  that  the  internal  transmission  noise  has  approximately  the  .same 
liHiihless  lev  ■!  as  the  main  and  tail  rotor  ceimiionent  s .  Vtilh  the  '-.-'ckpir 
ivinih'u.  iJos-d,  tin-  main  and  tail  rotor  noise  levels  are  reducer'  from 
to  e  (Iccitiols  i-iiii;  the  oqu  i  va  1  er,  L  reduction  in  loudne.ss  level.  For 
this  ci’iiditii'ii,  the  nest  promiiunt  internal  noise  is  that  ol  the  ps>  i  n 
1  rari.imi  .'■..■■1 -on  and  ai  ■-•  .-rv  panora  ter. 

■.■.iro  oT  shoivs  the  po.ssible  sound  pressure  level  r”di".tion 
for  tlie  ill -1  loi  a  protiosed  acoustical  treatment  given  in  Reference  ?.n. 
\'e,t‘  i;  ■■■  I -mi  1  icant  ..ound  pressure  level  reduction  at  the  higher  fre¬ 
quencies  ior  both  the  hover  and  cruise  conditions. 

All  liel  LcJpter  conf igii  ra  t  ion  c  hanges  made  to  reduce  the  far 
fiol’l  'i.-i.  c  will  result  in  a  reduction  in  the  internal  noise  level. 

Til.  external  nois-.’  l-ovels  may  be  used  to  sume  extent  tc  e/aluate  tlie 
relative  el'fects  of  conf  igu  rat  ion  changes  -.'in  internal  noise  by  c.ai- 
sidcring  the  atmospheric  attenuation  discussed  previously, 

6 .  The  C-oi  1  e ( 't  of  Acou stically  Balanced  Design 

The  use  of  loudness  level  as  a  criterion  for  evaluating  the 
prominent  noise  sources  brings  about  the  introduction  of  the  concept 
of  the  acoustically  balanced  design.  For  an  optimum  noise  reduction 
design  with  respect  to  aural  detection,  observer  reaction,  etc.,  all 
components  should  be  perceived  equally.  It  may  be  impractical  to  de¬ 
sign  for  such  a  case;  however,  such  a  consideration  can  define  specific 
areas  which  should  first  be  attacked.  In  attempting  to  create  an  acous¬ 
tically  balanced  design  for  the  Hth-l,  the  i.  1  -'otor  noise  should  first 
be  attacked,  follower!  oy  the  main  rotor  vortex  noise,  etc.  Blade  slap 
i.s  not  in  tb.i.s  listing  for  the  Hli-1  since  it  is  believed  that  an  attack 
on  thi.s  problem  should  be  approached  as  a  le.search  effort. 
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Vi.  ^-.AM'-.VnON 


!■:  tills  -n  til'll  111'-  ii  siills  f  is  jiriii;niir  arc  used  to  evaluate  the 
p  -nalti-.'S  as.  ociat'  f!  with  ,i!:  ti-  ■  n 'i.se  level  of  the  Uli-l  hel.L- 

i,.|'teis.  Modi  f  iea  t  lor.;-,  to  r.ci.u  o  t  iie  noi.se  level  are  presented  ati  1 
ova  1  ua  led  in  r  iijun-.  tion  ivit-i  t  nsiderations  of  cost,  performance  tnd 
wcishf.  Reroni.nende.i  conf  if;u  t..i  l  i  ons  are  given  and  compared  with  th-; 
production  maciiinos.  The  conipa  rirons  pre.sented  in  this  section  are 
for  .similar  mission  condi t io-^is ;  that  is,  where  the  helicopters  liave 
the  sane  i  row  load,  p.tyliiad,  and  have  full  fuel  at  take-off. 

A.  TAIL  ItaruH 


In  Scition  V  it  wa.s  .siuuin  that  except  wlien  main  rotor  blade  slap 
occurs,  the  most  proiiiinent  arise  as.sociated  witii  the  HU-1  helicopters 
i.s  that  produced  by  the  tail  rotor.  For  the  W-l,  blade  slap  may  be 
partially  mitigatr.i  by  operational  techniques;  for  the  general  case, 
additional  work  is  required  to  define  and  eliminate  that  .source.  For 
these  reasons,  consideration  is  first  given  herein  to  the  reduction 
of  tail  rotor  noise. 

Figure  32  shows  the  estimated  loudness  levels  of  several  HU-1  size 
tail  rotors  as  a  function  of  blade  tip  speed.  As  noted,  for  tip  speeds 
greater  than  about  575  f.p.s.,  the  rotational  noise  component  i.s  the 
principal  noise.  In  all  cases,  it  is  desirable  to  reduce  the  tip 
speed  as  much  as  possible. 

The  extent  to  which  the  tail  rotor  tip  speed  can  be  reduced  de¬ 
pends  on  considerations  of  the  performance  requirements  of  the  heli¬ 
copter  maneuverability,  altitude  performance,  etc.)  as  well  as 

those  of  weight  and  center  of  gravity.  From  the  standpoint  of  per¬ 
formance,  the  major  design  parameters  are  the  blade  loading  and  tip 
speed.  These  items  define  a  mean  blade  lire  coefficient  or  Cj/'f  , 
from  which  altitude,  maneuverability,  and  forward  speed  stall  limits 
are  established.  For  the  parameters  of  the  HU-IA  tail  rotor  blade, 
tho  minimum  tip  .speeds  associated  with  several  values  of  Cf/V  arc 
shown  by  Figure  32»  These  tnininuu  t  ip  spec  ate  related  to  the 
large  increase  in  blade  area,  needed  to  n!aaiil..iii  the  values  of  Cj./o~ 
and  will  vary  depending  on  the  size  of  the  blade  being  considered. 

By  combining  these  approximations  of  the  noise  level  and  the  limit¬ 
ing  velocities  associated  with  blade  stall,  an  indication  of  the 
minimum  tail  rotor  noise  level  as  a  function  of  the  stall  limited 
design  speed  is  obtained. 

Figure  3S  shows  such  a  plot  and  also  a  calculated  stall  limit 
speed  and  hovering  noise  level  for  the  HU-IA  tail  rotor.  The  shaded 
area  represents  variations  due  to  stall  angle,  effects  of  number  of 
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M.idcs,  cti  .  It,  is  l.hat.  a-s  tlio  stall  liniti'd  dcsi(,;n  speed  is  in- 

cruasiU  t’l'oni  0  t  ;:>  abL>ul  ttd  knots,  the  tail  rotor  loudness  level  docs 
not  increase  appreciahly.  For  helieopter  dosien  siieci-ls  above  Sd  knots, 
the  rel'eience  loudness  level  increases  sifjnif ican 1 1  y  (approximately 
55  to  SO  phons  troni  1  .It)  to  ISO  knots).  This  points  out  a  possible 
problem  area  v.’ith  hii;h  pie  rfo  nuance  helicopters;  however,  the  solution 
of  unioadinL:  the  tail  rotor  in  forward  flip;ht  is  immediately  suggested. 

This  is  illustrated  on  the  figure. 

From  Figure  5;?, it  is  seen  that  for  the  HU-IA  tail  rotor,  the  ro¬ 
tational  noise  component  predominates.  Consequently,  a  significant 
noise  reduction  r,iay  be  expected  by  decreasing  the  tip  speed.  The  ef¬ 
fect  of  number  of  blades  depe-nds  on  the  piarticular  blade  area-tip  speed 
c  o  iibinat  ion .  The  extent  to  which  the  tip  speed  may  be  reduced  is  il¬ 
lustrated  by  Figure  50  where  tip  speed  is  shown  as  a  function  of  blade 
loading  for  several  values  of  the  stall  limit  speed.  Also  shoivn  are 
the  blade  loadings  for  tail  rotors  with  2,  3  and  4  production  Hl'-l 
blades,  and  a  practical  tail  rotor  tip  speed  ratio  limit  based  on  con¬ 
siderations  of  flapping  and  fatigue  loads.  It  is  seen  that  from  these 
considerations  a  tail  rotor  tip  speed  of  about  590  f.p.s,  Ij  required 
if  it  is  desired  to  maintain  the  150  knot  stall  limited  speed  of  the 
IIU-IA.  Because  of  such  effects  as  maneuverability  at  altitude,  low 
engine  speed  operation,  etc.,  maintaining  that  maximum  allowable  speed 
is  desirable  and  the  minimum  practical  tip  speed  for  the  Hl)-1  tail 
rotor  is  defined  as  390  f.p.s, 

Prom  Figure  39,  adding  one  and  two  blades  to  the  HU-IA  tail  rotor 
reduces  the  minimum  acceptable  tip  speed  to  about  630  and  600  f.p.s,, 
respectively.  Adding  additional  blades  would  result  in  violating  the 
tip  speed  ratio  limit.  It  is  seen,  however,  that  a  slight  additional 
reduction  in  tip  speed  may  be  achieved  by  a  small  reduction  in  blade 
loading  (or  chord  increase). 

The  over-all  effects  of  these  tip  speed  reductions  and  the  related 
changes  are  given  in  Table  7,  The  loudness  levels  were  obtained  from 
Figure  32,  The  "calculated”  values  of  the  rotational  noise  component 
are  increased  10  phons  to  account  for  the  die  '•epancy  between  theory 
and  the  experimental  data  of  this  program,  lii  principal  reasons 
for  this  discrepancy  are  believed  to  be  due  to  such  items  ss  main 
rotcr  interference  and  assumed  blade  force  i,.'...  ribution  (total  thrusf 
located  at  three-quarter  radius). 

Although  from  the  performance  standpoint  it  is  desirable  to  main¬ 
tain  the  maximum  rotor  diameter  possible,  small  changes  in  diameter  4 

would  be  acceptable.  Therefore,  it  would  be  possible  to  reduce  the  dia» 
meters  of  the  rotors  shown  in  the  table  to  allow  unrestricted  operation 
during  test  without  a  tail  rotor  gear  box  change. 
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power  retju  i  ri'ment  s  (!ui-  to  the  al'ovr  tail  riitor  iiioclifi- 
cations  arc  ric;;l  i  ;;.i  ble .  Tiic  relative  wtMt;iits  of  these  tail  rotors 
we.nld  L  approximately  as  snown  t.iy  the  table;  liowever,  the  actual 

wi'iplU's  v.-ouUI  l>e  (lei'enile.il  upon  the  fletail  clcsip'n  and  may  vary  con-, 
s  ifle  icil)ly  1  ron  the  indicated  values.  Uvon  ttiOUK'n  the  weight  of  tliese 
components  may  ciiange  by  a  factor  of  two,  the  net  effect  on  the  heli¬ 
copter'.-.  empty  weight  is  small.  For  this  pri  .sontat  i.on ,  it  was  as¬ 
sumed  Lliat  the  existing  center  of  gravity  coaid  be  maintained  by  items 
of  fixed  ecjuipmerit. 

It  should  be  remembered  that  the  data  of  Table  7  are  intended 
on]'/  to  indicate  tlie  r.umerical  values  as.sociated  with  the  trends.  As 
liientionod  tX'fore,  the  state  ul'  t'le  art  is  not  sufficiently  advanced 
to  define  quantitatively  the  noise  level  of  rotors.  Within  this  frame 
of  reference,  Modification  b  is  selected  as  the  optimum  tail  rotor 
for  the  thrust  and  stall  limited  speed  requirements  inve.stigated. 

Its  loudness  level  is  only  one  phon  higher  than  the  minimum  noise  of 
Modification  d;  however,  production  blades  may  be  used  and  the  system 
should  be  lighter,  A  new  gear  box  and  hub  are  required.  Modifi¬ 
cation  b  will  result  in  a  loudness  reduction  of  about  50  pc,  cent 
of  that  of  the  standard  HU-1  tail  rotor. 


B.  MAIN  ROTOR 

In  this  section  the  main  rotor  acoustical  data  of  this  program 
are  used  with  standard  performance  analysis  techniques  to  invevSti- 
gate  the  effects  of  various  noise  reduction  modifications  on  the  Hl)-1 
main  rotor.  This  is  accomplished  by  summarizing  all  of  the  main 
rotor  acoustical  data  of  the  program,  noting  general  trends,  and 
then  evaluating  selective  modifications  to  the  HU-IA  to  determine 
their  total  effects.  Practical  rotor  configurations  are  investigated 
in  all  cases,  and  emphasis  is  placed  on  maximum  use  of  existing  HU-1 
components. 

On  the  basis  of  the  test  results  of  the  subject  program,  the 
trends  of  the  main  rotor  hovering  loudness  levels  versus  blade  load¬ 
ing  for  two-and  three-bladed  designs  and  for  two  tip  speeds  are  shown 
in  Figure  40.  The  loudness  levels  shown  are  based  on  the  peak  values 
of  the  rotational  and  vortex  no.ise  as  illusti..ci  by  Figures  24  and 
25,  and  are  used  herein  to  estimate  main  rotor  noise  as  a  function  of 
the  various  rotor  parameters. 

The  influence  on  performance  for  the  various  main  rotor  design 
parameters  which  were  selected  on  the  basis  of  the  noise  reduction 
trends  is  given  in  Table  S.  Hovering  ceiling,  range,  maximum  rate 
of  climb,  and  maximum  stall  limited  speed,  as  well  as  the  loudness 
level,  are  shown  for  the  HU-lA  and  various  modifications  of  that 


41 


rnuclrin-a  l-or  t.lu-  jk- i:i nn:;nc'<.'  ilata,  u  i.  fi-w  oT  two,  full  iuol,  and  a 
typi.a',  payload  (ld>'i)  pounds)  a  ro  usod,  P.mpty  weights  are  established 
on  tlu'  liasis  of'  the  three  rotor  Cionl'i  r.u  ra  t  i  ons  tested.  Since  the  three- 
bladed  rotor  of  tliis  program  is  extier iimnta  1  ,  tin-  ivi’i^ht  shown  for 
tliai  redor  systern  is  sonu'wliat  hlfth  in  nvlalion  to  a  production  desifjn. 

Mo<jif  i ca t  ion  1  involves  tlie  use  of  two  21-inch  cliord  blades  on  the 
i:h-lA  kdieratiiiit  ut  low  ertitine  r.p.m.  It  is  seen  that  the  hoverint;  loud¬ 
ness  level  is  aptireciably  lower  than  that  o)  the  reference  HU-IA  at 
normal  rotor  speed  and  the  performance  of  the  machine  is  improved. 

Modi  I' '  c  at  i  on  1  (three  .11-incli  chord  blades)  results  in  a  vehicle 
u'itli  the  lowest  loudness  level  in  liover;  however,  this  configuration 
results  in  an  unacc  ptable  decrease  in  performance.  This  is  due  [trin- 
cipally  to,  the  increased  weiftht  associated  with  tlie  larjter  rotor; 
tliat  is,  there  is  too  much  blade  area  for  the  installed  power  of  the 
lUi-lA. 

Modification  3  consists  of  three  15-inch  chord  blades  vrid  is  found 
from  the  noise  standpoint  to  he  equivalent  to  Modification  2,  This 
confif'urat  ion  compares  unfavorably  from  a  performance  standpoint,  how¬ 
ever,  because  of  the  higher  rotor  weigiit. 

With  added  fuel  capacity  and  a  more  p,owerfiil  engine,  blade  area 
can  be  used  to  advantage.  Both  increased  fuel  capacity  and  a  more 
powerful  engine  are  provided  by  the  HU-IB  helicopter.  Data  for  that 
machine  are  shown  in  the  table.  It  is  seen  that  the  performance  items 
of . the  HU-lB  are  considerably  improved  over  those  of  the  HU-IA,  How¬ 
ever,  the  loudness  level  of  the  IIH-IB  main  rotor  is  slightly  greater 
than  that  of  the  HU-IA. 

Modification  4  involves  the  use  of  three  21-inch  chord  blades  on 
the  HU-IB.  This  modification  is  shown  to  be  appreciably  quieter  than 
the  standard  HU-IB;  however,  the  over-all  performance  is  decreased. 

The  loudness  level  of  Modification  4  is  net  as  low  as  that  of  Modi¬ 
fication  2  (same  rotor  system  on  the  HU-IA)  because  of  the  higher  gross 
weight.  The  noise  level  of  the  three  21-inch  chord  blades  on  the  HU-IB 
is  shown  to  be  about  equal  lo  that  of  the  HU-IA  with  two  21-inch  chord 
blades  (Modification  1), 

Modification  5  shows  the  effect  of  increasing  the  chord  of  a  two- 
bladed  rotor  to  add  sufficient  blade  area  to  minimize  rotor  vortex 
noise.  It  is  seen  that  two  27-inch  chord  blades  produce  slightly  more 
noise  than  the  three-bladed  rotor  (Modification  4);  however,  the  per¬ 
formance  of  the  two-bladed  rotor  is  slightly  higher  (than  Modification 
4)  because  of  its  lower  gross  weight. 

Finally,  a  very  wide  chord  two-bladed  rotor  is  shown  as  Modification 
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!■!  (two  .il . i  nrh  tiioid  Madfs),  Tlic  performance  slightly  better 
than  Mo<l  i  I' i  i  a  t  i  on  5;  liowover  the  loudness  level  is  increased.  Tliis 

is  the  only  main  rotor  conf igii  ra I i on  which  is  found  to  have  a  predomi¬ 
nant  rotational  noise  ccnipunent. 

The  reduction  of  tip  speetl  for  ail  modifications  discussed  thus 
lar  is  acconif'lislK  d  by  lowering  the  ‘ngine  speed  from  6400  to  5800  r.p. 
Inirtlier  r<.’duction  ot  engine  r.p.tn,  would  be  impractical  since  the  loss 
of  available  enc.ine  power  vvi'iil<l  be  unacceptable.  Modification  of  the 
III'-l  main  rotor  t  ransmiss t on  to  provide  lower  tip  speeds  for  the  pur¬ 
pose  of  noise'  reduction  only  is  not  considered  1o  be  justified. 

The  remaining  method  of  lowering  the  tip  speed  is  to  reduce  the 
lutm  diameter.  T’n  ovaluatL  tliis,  i'  will  be  assumed  that  the  in- 
I'luerce  of  diameter  on  the  loudness  level  can  be  determined  by  ex¬ 
trapolating  data  from  Figure  40,  through  changes  in  tip  speed  and 
blade  loading.  For  small  variations  in  diameter,  it  is  believed  that 
this  assumption  will  not  mask  the  trends  associated  with  the  changes. 
For  large  diameter  changes  where  major  rotor  frequency  shir  is  are  in¬ 
volved  dill'  to  necessary  changes  in  design  rotor  r.p.m,,  the  loudness 
level  data  in  Section  V  must  be  converted  to  sound  pressure  level 
and  re-evaluated  on  the  basis  of  the  new  frequency  spectrum.  Table  9 
gives  several  examples  of  the  effects  of  diameter. 

It  is  sliown  that  a  reduction  of  rotor  diameter  will  decrease  the 
loudness  level.  For  the  cases  shown,  however,  a  reduction  of  both 
stall  limit  speed  and  hovering  ceiling  results  and  is  considered  to 
be  unacceptable. 

Because  of  uncertainties  in  using  the  data  of  Figure  40  for  other 
than  44-foot  diameter  rotors,  additional  vests  and  analyses  are  needed 
before  definite  conclusions  can  be  drawn.  The  data  of  Table  9  indicate 
however,  that  significant  loudness  level  reductions  are  possible  with 
small  diameter  -  large  chord  rotors  operating  at  low  tip  speeds# 


C,  DRIVE  SYSTEM  AND  POWER  PLANT 


In  comparison  w'ith  the  main  and  tail  rotii,  .he  e.\ternal  noise 
generated  by  the  engine  and  the  transmission  systems  of  the  HU-1  heli¬ 
copter  is  considered  to  be  negligible#  No  modifications  are  consid¬ 
ered. 


D.  TOTAL  EFFECTS  OP  MAIN  AND  TAIL  ROTOR  MODIFICATIONS 

In  this  section  the  results  of  the  application  of  ti>e  noise  re¬ 
duction  techniques  studied  during  this  program  are  summarized  by 
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t t i on  and  control  is  not  suf i icicntly  advanced 
cha rac t e r i s t i t H  accurately.  Further,  the 
to  the  various  characteristics  ate  valid  only 
In  reviewing  this  work,  consideration  must 


In  connection  with  the  modifications  to  the  HU-IA  and  HU-IB,  items 
wiiich  arc  considered  but  for  which  no  numerical  values  were  assigned 
include  autorotation  and  flare  characteristics,  cockpit  vibrations, 
and  rotor  lati;nie  loads.  It  is  assumed  that  for  the  gross  weights 
sliown,  [lilots  ot  helicopters  witli  the  modifications  could  operate  at 
low  I'ngLne  siiecd  in  situations  where  low  noise  level  is  required;  in 
otlier  flight  situations  (at  altitude,  high  speed,  etc.)  full  r.p.m. 
could  be  used. 

Table  10  summarizes  the  best  configurations  studied  during  this 
program  (from  Tables  7  and  8).  In  this  table  an  attempt  Lz  ir.ade  to 
represent  the  total  effect  of  the  changes  as  a  percentage.  It  is 
realized  that  adding  noise  of  the  type  considered  on  a  loudness  scale 
is  quc;stionable.  The  results  of  such  an  approach,  however,  agree 
with  qualitative  observations  of  existing  configurations  and  are  there¬ 
fore  included.  For  this,  two  approaches  are  taken:  1)  to  define  the 
percentage  reduction  in  loudness  (sones)  for  the  component  with  the 
highest  loudness  level  (for  this  case,  the  tail  rotor),  and  2)  to 
convert  the  peak  loudness  level  of  all  noise  components  to  sones,  and 
add  to  obtain  the  total  loudness. 

Table  10  shows  that  the  tail  rotor  loudness  can  be  reduced  50 
per  cent  by  Modification  b  (four-bladed,  8.4-inch  chord  rotor, 

®  600  f.p.s.).  To  realize  this  reduction,  however,  it  is  necessary 
to  operate  the  main  rotor  at  low  tip  speed.  For  unrestricted  helicopter 
operation,  it  is  necessary  to  provide  added  blade  chord  for  these  low 
tip  speeds.  If  the  HU-IA  main  rotor  tip  speed  is  maintained,  main 
rotor  noise  will  mask  the  effects  of  the  new  tail  rotor  and  only  about 
a  20  per  cent  noise  reduction  will  be  realized. 


When  the  effects  of  other  main  rotor  me  in i cat  ions  are  included, 
the  situation  changes  somewhat,  although  it  is  still  apparent  that  the 
tall  rotor  modification  is  the  most  significant.  Referring  to  Table  10, 
the  lowest  total  loudness  is  indicated  for  low  tip  speed  operation  of 
the  HU-IA,  modified  with  a  tv;o-bladed,  21-inch  chord  main  rotor  and  a 
four-bladed  tail  rotor.  With  these  modifications,  a  reduction  in  total 
loudness  of  approximately  40  per  cent  can  be  realized.  It  should  be  noted 
that  the  performance  of  this  helicopter  is  shown  to  be  increased  slightly 
over  that  of  the  basic  HU-IA,  operating  at  normal  tip  speed. 
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F  L'oni  the  standpoint  of  total  loudness,  the  power  plant  and  fuel 
capacity  of  the  helicopter  contrihiito  significantly  toward  defining 
the  optimuni  noise  reduction  modification.  For  this  reason,  the  basic 
HU-IB  and  several  modifications  of  tiiat  machine  are  given.  Two  HI/-1B 
moclif icatiens  are  shown  in  Table  10  since  the  performance  and  noise 
of  the  tivo  are  approximately  the  same.  In  addition  to  the  four-bladed 
tail  rotor,  tlie  modifications  considered  include  a  three-bladed,  21- 
inch  chord  and  a  two-bladed,  27-inch  chord  main  rotor.  It  is  seen 
that  the  loudness  of  the  three-bladed  rotor  is  slightly  lower;  however, 
the  performance  of  the  two-bladed  rotor  is  slightly  superior.  On  the 
basis  of  the  performance  advantage,  the  wide-chord  two-bladed  rotor 
configuration  is  selected  as  the  optimum.  With  this  main  rotor  modi¬ 
fication  and  the  four-bladed  tail  rotor,  a  reduction  of  about  40  per 
cent  in  total  loudness  of  the  HU-IF;  can  be  realized. 

It  should  be  noted  that  for  all  cases  the  principal  noise  re¬ 
duction  resulted  from  the  new  tail  rotor.  Also,  the  noise  reduction 
achieved  for  the  main  rotor  resulted  from  lower  tip  speed  operation. 
Because  of  the  low  tip  speed,  the  blade  loading  had  to  he  "edured  to 
maintain  the  proper  high  speed,  maneuverability  and  altitude  per¬ 
formance 
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Tests  5  through  9,  test  vehicle  turned  180*^ 

Tests  29A  through  29H  and  39  through  42, flights  conducted  for  blade  slap 


TAi';.r; 

ENVIRONMILNTAL  CCNEITICTiS  DURI h!G  TnSTS 


Cor.fi 

iU't'iition  Opt- rating 

Date 

VVind 

1  Direction- 

Temperature 

Humidi' 

Niimbi 

•r  Conditions 

Velocity, 

Knots 

Op 

% 

I 

Fly-over 

0-27. 

-61 

S 

14 

84.2 

52 

T  i  odov;n 

10-3- 

-61 

ENE 

6 

66,9 

44 

(Tests  1-8} 

Tiedown 

10-4- 

-61 

S 

12 

69.1 

47 

(Tests  O-lJj 

and  Hover 

11 

Fly-ove  r 

0-21- 

-61 

SSW 

22(to 

32) 

80.7 

64 

Hove  r 

10-4- 

-61 

S 

12 

69.1 

47 

III 

Flv-ovcr 

10-31-61  WSW  8 

79.3 

66 

and  Hover 

table  4 

_ DATA  REDUCTION  SCHEDULE _ 

TEST  TEST  DATA  ANALYSIS 

NUMBER  _ joVER-ALL  l/S-OCTAVE  CONSTANT  BANDWIDTH  FILTSR(6-~C.P.si 

Mikes  -2,  9,  16,  22 
All  Mikes 

Mikes  -  2,  9,  16,  22 


All  Mikes 


All  Mikes 
Mikes  -  2,  9,  16 
All  Mikes 
Mikes  -  2,  9,  16 

Mikr.'s  >2,  9,  16,  22 

All  Mikes 

Mikes  -  2,  9,  16,  22 
All  Mikes 


Mikes  -  2,  6,  9,  13,  16.  20 
All  Mikes 

Mikes  -  2,  6,  9,  13,  16.  20 
One  Mike  
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'Maximum  sound  pressure  level  reduction  due  to  lowering  engine  speed  (<^3  tu  S4  decibels) 


TAiJLE  6 


FI.V-OVKR  TESTS  -  CONDITIONS  AND  RESULTS 


Con  f 

iguiation  Con 
I 

Tigurat ion 
II 

Configuration 

III 

t  cl 

knot  s 

60 

60 

60 

Apprc'x*  tiH  i  iMcle 

feet 

50 

50 

50 

Rotor  lip  speed 

f.p.s. 

720 

724 

724 

Gross  ^.■ei,^dIt 

Ills 

6400 

6200 

6400 

Wind  direction 

- 

S 

SSW 

WSW 

Veloe.  i  ty 

knots 

14 

22  (to  3 

2)  8 

T cnipe  I  atii  re 

Op 

S4.2 

80.7 

79.3 

Relot  Lve  humidity 

% 

52 

64 

66 

Ovc’x-ail  iSouncl  Pro 

ssurc  Level  During  Approach: 

Distance  from  Microphone: 

3(10  feet 

11  db 

92  db 

85  db 

200  feet 

95 

96 

87 

100  feet 

98 

100 

92 

0  feet 

107 

108 

103 

TABLE  7 

ESTIMATED 

LOUDNESS  LEVELS  FOR  VARIOUS  HU-IA 

TAIL  Rarest 

MODIFICATIONS 

Design 

^stall  "  C50  Kn ,  Tpij^ypj.  =  313  lbs, 

Distance  = 

20  D  ft 

Standard 

Mod  a 

Mod  b 

Mod  C 

Mod  d 

Number  of  blades 

2 

3 

4 

2 

4 

Diameter  -  feet 

8.4 

8.4 

8.4 

8.4 

8,4 

Chord  -  inches 

8.4 

8.4 

8,4 

21 

10.5 

V^_  f.p.s. 

710 

635 

600 

590 

590 

Engine  r.p.m. 

6400 

5730/6400* 

5410/6400* 

5320/6400* 

5320/6400* 

Rotational  Loudness 

Level,  phons** 

81 

74 

71 

74 

70 

Vortex  Loudness 

Level,  phons 

63 

63 

61 

64 

60 

New  blades  required  - 

no/no 

no/no 

yes/yes 

yes /yes 

New  tail  rotor  gear 

box  required 

no/yes 

no/yes 

no/yes 

no/yes 

New  hub  required 

yes/yes 

yes/yes 

yes/yes 

yes/yes 

Relative  weight 

1 

1-1/2 

2 

2+ 

2-*- 

*  Restricted  operation  -  for  test  purposes  only 

Values  shown  include  a  10  phon  increase  over  calculated  values  to  account 


for  discrepancies  between  theory  and  test  data  (See  Section  V-D-l-c) 
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♦Low  tip  sp»ed  for  HU-IA  ceconmended  only  at  low  forward  speeds  (  c  70 


TABLE  9 


EFFECTS  OF  DIAMETER  ON  MAIN  ROTOR  LOUDNESS  LEVELS 


Configuration 

Diameter 

Feet 

Tip 

Speed 

F.P.S. 

Blade 
Loading 
Lbs/S q  Ft 

Maximum 

Loudness 

Level 

Phons 

nu-iB 

Number  of  blades 

2 

48 

717 

85 

77 

Cliord  -in 

21 

44  (std) 

()56 

93 

72 

Gross  weight  -lb 

7152 

40 

595 

102 

68 

Engine  speed  -r.p.m. 

3800 

Modification  4 

Number  of  blades 

3 

44 

656 

64 

69 

Chord  -in 

21  i 

38 

567 

74 

62 

Gross  weight  -lb 

7449 

Engine  speed  -r.p.m. 

5800 

Modification  6 

Number  of  blades 

2 

44 

656 

63 

73 

Chord  -in 

31.5 

38 

567 

73 

63 

Gross  weight  -lb 

7202 

Engine  speed  -r,p,m.  5800 


component  (tail 
rotor  rotational 


FIGURE  1.  HU-1A  HELICOPTER. 


FIGURE  2.  HU-1A  HELICOPTER  -  THREE-VIEW  DIMENSIONAL  DATA  . 


FLIGHT 

DIRECTION 


I 


FIGURE  4.  FLY-OVER  MICROPHONE  LOCATIONS, 


FIGURE  5.  effect  OF  MICROPHONE  HEIGHT  ON  OVER-ALL  SOUND  PRESSURE  LEVEL. 


63 


FIGURE  7.  ACOUSTICAL  OATA  RECUCTION  SYSTEM 
IGENERAL  DYNAMiCS/FORT  WOF’Th). 


FIGURE  B.  CORRECTIONS  TO  BE  APPLIED  TO  ALL  DATA  REDUCED 
BY  6-C.P.S.  CONSTANT  BANDWIDTH  ANALYSIS. 


LOUDNESS,  SONES 


FIGURE  to.  LOUDNESS  LEVEL  AND  LOUDNESS  NOMOGRAM  (REFERENCE  9). 


67 


TIEDOWN 

THRUST -><000  LBS. 
Vt  ssTjOF.P.S. 


FIGURE  II.  HU>-1A  EXTERNAL  OVER-ALL  SOUND  PRESSURE  LEVEL  DISTRIBUTION 


OVFR-ALL  SOUND  PRESSLIFiE  LEVEL,  DECISE. 


105 


CONFIGURATION 


GW.  LBS 


BLADE  LOADINQ,  LBS/PT^ 


FiSURE  t3.  MAXIMUM  OVER-ALL  SOUND  RRIi^SURE  LEVEL  AS  A  FUNCTiON 

OF  blade  loading  and  tip  speed, 
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72 


FIGURE  15.  HU-1A  EXTERNAL  NOISE  SPECTRUM. 


300  «  C.P.S.  CENTER  FREQUENCY 


ilP  il!i  IP  I  HP  I  I  li 


illllMlilll 


li  i 


NOTE  STRONG  2/REV 
modulation  of  fre¬ 
quencies  ASSOCIATED 
WITH  VORTEX  NOISE 


FIGURE  16.  time  HISTORIES  OF  TWO-BLADED  MAIN  ROTOR  VORTEX  NOISE. 


73 


FREQUENCY,  C.P.S, 


LOUDNESS  LEVEL,  PHONS  LOLIDNESS  L  EVEL,  F'HONS 


PIGURE  t9.  EFFECT  OF  MAIN  ROTOR  CONFIGURATIONS  ON  LOUDNESS  LEVEL 


LOUONESS  LEVEL,  PHONS  LOUDNESS  LEVEL,  PHONS 


FREQUENCY,  C.P.S. 

FIGURE  20.  EFFECT  OF  Bl  ADE  LOADING  AND  THRUST  ON  LOUDNESS  LEVEL  (CONFIGURATION  I). 


PREOUENCY,  C.P.S. 

figure  21.  EFFECT  OF  BLADE  LOADING  AND  THRUST  ON  LOUDNESS  LEVEL  (CONFIGURATION  11). 


76 


FIGURE  aj.  EFFECT  OF  TIP  SPEED  ON  LOUDNESS  LEVEL  (CONFIGURATION  III). 
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VORTEX  NOISE 


_ — 


_ _ —  6800  LBS 

SBOO  LBS 


LOUDNESS  LEVEL,  PHOi-JS 


10O 


(A)  VORIEX  NOiSE 


(at  ROTATIONAL  NOISE 


HOVER  (CONFIGURATION  III) 
r’.'TANCE  T  200  FEET 
NOTE)  PEAK  LOUDNESS  LEVEL  DATA 
FROM  FIGURES  22  AND  23 


FIGURE  20.  EFFECT  OF  ttP  SPEED  ON  PEAK  LOUDNESS  LEVEL  (CONFIGURATIONS  I  AND  III). 


79 


L  ROTOr^) 


b  =  NUMBER  OF  BLADES 
CHORD  =  8.5  IN 
DIAMETER  =  8.5  FT 
thrust  =  313  LBS 


FIGURE  11.  CAL  'lULATED  TAIL  ROTOR  ROTATIONAL  AND  VORTEX  NOISE 


DNESS  LEVEL,  PHONS 


TIP  SPEED,  F.P.S. 


FIGURE  32.  ES  riMATcD  MAXIMUM  TAIL  ROTOR  LOUDNESS  LEVEL  FOR  VARIOUS  TIP  SPEEDS. 


85 


PROPASATION  LOSS  COEFFICIENT  PROPAGATION  LOSS  COEFFICIENT  K,  DECIBELS.TOOO  FEET 

K,  DECiaELS/1000  FEET 


'/////  PARTLY  WOODED 
\^\\\''  HEAVILY  WOODED 


GROUND 

LEVEL 


1  2  3  4  E 

ELEVATION  ANCLE  Y,  DEGREES 
FIGURE  35.  EFFECT  OF  TERRAIN  AND  ELEVATION  ANGLE 
ON  NOISE  PROPAGATION  (REFERENCE  IB). 


/ 


1  ' 


■■ 


_ CALCULATED  STALL- 

LIMIT  SPEED  FOR 
HlJ-1  TAIL  ROTOR 
(V^  =  723  F.P.S.) 


PROBABLE  VARIATION  — 
IN  LOUDNESS  DUE 
TO  DESIGN  PARAMETERS 


CHORD  =  8.SIN 

^POSSIBLE  REDUCTION 

DIAMETER  =  8.5  FT 

DUE  TO  Uh4LOADlNG 

THRUST  =313  L8S 

TAIL  KOTOR  IN  FORWARD 

FI  IftWT 

POWER  —  50  HP' 

DISTANCE  =  200  FT 

STALL  LIMITED  DESIGN  SPEED,  KNOTS 
FIGURE  38.  CALCULATED  TAIL  ROTOR  LOUDNESS  LEVEL  AS 
A  FUNCTION  OF  STALL  LIMITED  DESIGN  SPEED. 


NUMBER  OF  HU-I 
TAIL  ROTOR  BLADES 

A3  2 


STALL  LIMITED  SPEED 
^150  KN 


HU-1  tail  rotor  DESIGN 


priACTiCAL  i  .  SP' ED 
RATIO  LIMIT  lfA=  .425) 


ALTERNATE  TAIL  ROTOR  CONFIGURATIONS: 
A-BLADFO,  10.S  INCH  CHORD 
Z-BLADED,  21  INCH  CHORD 


BLADE  LOADING,  LBS.'FT 

FIGURE  39.  TAIL  ROTOR  TIP  SPEED  VERSUS  BLADE 

LOADING  FOR  CONSTANT  STALL  LIMITED  SPEED. 
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PEAK  LOUDNESS  LEVEL.  P>^ONS 


(A)  configurations  I  AND  II 


too  _ 


GW 


v^  -  72A  r.r.s. 


60  -L. 


too  ^ 


ao 


60 


0 


»  656  P.P.S. 

8000 
7000 
6000 


I - \ - 1 — J - U— i - 1 

0  20  40  60  BO  100  120  UO  ISO 


SLADE  LOADING.  LB5/FT^ 


FIGURE  40.  SUMMARY  OF  MEASURED  MAIN  ROTOR  LOUDNESS  LEVELS. 
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APPtNDIX 


COMBINUl)  ACOUSTICAL  AND  DYNAMIC  AIH  LOAD  DATA 


Presented  in  the  following  pages  are  portions  of  the  basic  main  rotor  air 
load  data  which  were  recorded  during  the  subject  progrnT.  Bala  ror  tv.;) 
flight  conditions  are  given:  a  hO-'.-.;.  :  leviC  flight  and  a  6D-  to  zero- 
knot  deceleration  r.-''’- n  . ^  i  .  In  rigutes  a?,  throu.-'h:  -:5  the  diffe ren tiai 
blade  !'  ■  ....ucc-;  nieasuved  at  4'-,  Vj,  tT-,  vO  and  h5  per  cent  radius, 
rospiM  t  i  v;.Ty ,  are  i^’',  le-.! ,  Noted  on  cacii  plot  are  chord  locations  of 

the  varion;,  t  riioeduce  rs  and  o."  r  responding  trace  identification  numbers. 
Tin-  i-.-,/.’ r-ail  internal  sound  pressure  level  measured  by  portable  acousti¬ 
cal  et(uipmenr  is  given  by  trace  number  eight  (8)  in  Figure  42. 

The  trace  sensitivities  based  on  a  reference  calibration  pressure  are 
given  in  Table  11.  The  trace  numbers,  the  location  of  the  transducers, 
the  trace  zeros  (reference  line  of  zero  A  P)  ,  and  the  calib'-^pior, 
constants  for  each,  radial  posit.ion  are  noted.  The  calibration  con¬ 
stants  are  given  in  difterentia!  ri'dssuce  (p.s.i.)  per  inch  of  trace 
deflection. 

Within  the  scope  of  the  subject  program,  the  location  of  the  helicopter 
with  respect  to  the  ground  plane  microphones  and  the  azimuth  positions 
of  the  rotor  could  not  be  established  during  the  fly-over  tests.  There¬ 
fore,  acoustical  data  of  ground  plane  microphones  taken  during  these 
tests  are  not  included. 


TAB IE  11 

DIHIERENTIAI.  "Rr.SSI'RE  TRACE  SENSITIVITIES 


CIIOR? 

TRACE 

CALIBRATION 

TRACE 

LOCATION 

ZERO 

CONSTANT 

n^IAL  p 

!  :'  i ;  ■:% 

N'-'MUhR 

•'or  Cent 

Inches 

Psi/In;'h 

40 

R 

6 

4 

.05 

1.35 

V 

17 

.7  5 

.71 

8 

34 

1.72 

.43 

0 

63 

2.14 

.16 

' 

10 

85 

3.72 

.10 

75 

^9  R 

1 

"} 

-.01 

1.80 

2 

9 

.23 

1.60 

3 

17 

.41 

1.16 

4 

23 

.85 

1.09 

6 

63 

2.07 

.23 

\ 

r 

7 

90 

2.87 

.13 

S5%  R 

1 

2 

-.05 

3.40 

3 

4 

.12 

3.60 

3 

9 

.64 
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